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PHYSICAL CONSTANTS 


Avogadro’s number 
Electronic charge 


Electron mass 
Atomic mass unit 
Gas constant 


Faraday constant 


Boltzmann constant 
Planck constant 





6.02217 X 102% particles/mole 
4.80325 x 10—!%esu 
1.60219 x 10719 coulomb 
9.10956 x 10-28 gm 
1.66053 X 10-24 gm 
8.31434 x 10? erg/mole deg 
1.9872 cal/mole deg 
0.08206 liter atm/mole deg 
96486.7 coulomb/mole 
23061 cal/volt mole 

1.38062 x 10—!° erg/deg 
6.6262 X 10—*! erg sec 


ENERGY CONVERSION FACTORS 





ergs/molecule 


j 2 a = antes 0 ee ee ee 


6.0222 x 1013 


-ergs/molecule i 
kJ/mole 1.6605 x 10714 
kcal/mole 6.9478 X 10714 
electron 


volts/molecule | 1.6022 x 10-12] 9.6487 x 10! 





electron 


kcal 
gad WME volts/molecule 


kJ/mole 


6.2415 x 10/1! 
| 1.0364 x 1072 
4.336 x 107? 
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Pretace 
to the Third Edition 


In preparing this third edition of University Chemistry I have continued to be 
guided by the idea that there is a body of skills and information that chemists 
and those who use chemistry will almost certainly need to master, and which 
matches the preparation of first-year college students. Accordingly, the emphasis 
in a freshman chemistry course should be on leading the student to a thorough 
understanding of the basic ideas and mathematical operations of stoichiometry 
and equilibrium, and on providing a useful introduction to the electronic structure 
of atoms and molecules, chemical kinetics, thermodynamics, states of matter, 
and the descriptive chemistry of the elements. As substantial progress has been 
made in systematizing and clarifying the conceptual aspects of chemistry there 
has been a tendency to introduce increasing amounts of this material at the 
freshman level, often at the expense of eliminating significant portions of 
descriptive chemistry from the course. I believe that it would be a mistake to 
carry this to the point where students and instructors lose sight of the fact that 
chemistry is basically motivated by the desire to expose and understand the 
properties of matter in bulk. Conceptual material should illuminate factual 
material, not eliminate it. 

Accordingly, in this third edition I have incorporated new material on 
descriptive inorganic and organic chemistry. In addition, discussions of the 
practical aspects of electrochemistry and the application of thermodynamics to 
heat engines are included. The chapter on the nucleus has been cnlarged con- 
siderably by the addition of material on radiometric geochronology, the chemical 
effects of radiation, the synthesis of elements in stars, and the use of nuclear 
fission and fusion as energy sources. 
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I have chosen to retain the conventional mixture of CGS and thermochemical 
units employed in previous editions, since these are employed in most reference 
books encountered by the beginning student. However, an appendix on SI 
units has been added, and at appropriate places throughout the book results 
are given in two or more sets of units. Consequently, students should become 
familiar with SI units and their relation to those of other systems. 

As in the past, I have been encouraged and assisted in preparing this revision 
by the comments and suggestions of many students and instructors. To all 
those who have been kind enough to offer this help I would like to extend my 
sincere thanks. 


Berkeley, California Boba 


Pretace 
to the First Edition 


This is a textbook of general chemistry intended for students who have had an 
introductory high-school chemistry course. Its design is based on my experience 
with such a group, which included students who had had a “standard” high- 
school course, one of the two newer courses generated by Chem Study and CBA, 
and a few who had had a second high-school course designed for advanced 
placement in college. Writing a book which emphasizes fundamental principles 
and builds on previous experience presents some difficult problems. It has been 
my experience, one shared by other university teachers, that at this time there 
is no one block of the traditional elementary material so well understood by the 
majority of freshman students that it can be entirely omitted from the beginning 
college course. On the other hand, it is still possible to take advantage of a 
student’s previous training by assuming a general familiarity with the most 
fundamental chemical concepts. The ability to assume such a background allows 
the instructor to treat the elementary material in a critical manner—an approach 
which is generally appreciated by students who might otherwise consider review 
material to be boring. This is the course I have followed in writing this book. 
All the important elementary concepts are discussed, but from what I hope is 
a more penetrating point of view than the one already familiar to the student. 

A further advantage afforded by the student’s previous training is that 
time and space become available for new material, usually treated only in the 
upper division and graduate physical, inorganic, and organic chemistry courses. 
The concepts of elementary thermodynamics, reaction rates, and chemical-bond 
theory are most appropriate in the general chemistry course, for they can be 
immediately applied to systematize the descriptive material of inorganic and 
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organic chemistry. There is a danger here to be avoided: there is more material 
which might be presented than can be assimilated by the average beginning 
student. Just “covering” a great deal of advanced material can leave the 
student with no real command of the subject, but instead with a blasé attitude 
that he has “had all that,” which can inhibit his success in more advanced 
courses. Consequently, I have made an effort to discuss only those advanced 
concepts which are either useful in the general chemistry course or which help 
to give a picture of what presently concerns the professional chemist. 

The organization of this book departs somewhat from the recent standard of 
first presenting a detailed description of the electronic structure of atoms. 
Instead, the first four chapters are principally concerned with the macroscopic 
properties of matter, the origins of the atomic theory, and chemical arithmetic. 
Then follow five chapters which emphasize the characterization of chemical 
reactions and systems. Of these, Chapters 5, 6, and 7 treat, in increasing depth, 
the problem of chemical equilibrium. Thus the first seven chapters contain 
virtually all of the fundamental material of quantitative chemistry, and their 
position is particularly appropriate if the laboratory work in the course is to be 
quantitative in nature. Chapter 8 is an introduction to chemical thermo- 
dynamics which unifies the earlier phenomenological treatments of colligative 
properties and chemical equilibria. The thermodynamic concepts introduced 
here are used repeatedly throughout the chapters on descriptive chemistry. 
Chapter 9 treats the problem of chemical reaction rates and emphasizes the idea 
of reaction mechanisms. 

The next two chapters, 10 and 11, are concerned with the electronic structure 
of atoms and the nature of chemical bonding. A part of Chapter 10 is devoted 
to the historical development of the quantum theory in an attempt to show that 
our knowledge of atomic structure and the quantum theory was gained by deduc- 
tion from experiments, and not ex cathedra, as some elementary texts seem to 
imply. Deciding what can be said about chemical bonding that is simple, useful, 
and essentially correct is very difficult. I have tried to present a simplified 
point of view, while emphasizing its approximate nature and occasional in- 
adequacies. 

The final chapters contain the descriptive material of inorganic and organic 
chemistry. Their general thesis is that chemistry makes sense; that there are 
relationships, trends, and similarities in chemical behavior which can be under- 
stood in terms of chemical bonding, thermodynamics, and the periodic table. 
These chapters also contain certain extensions of the conceptual material covered 
earlier; for instance, the bonding in the boron hydrides, and the magnetic prop- 
erties of matter. 

The organization of this book is governed principally by my feeling that 
students should be supplied with the background that allows them to do quan- 
titative laboratory work as early in the course as possible. I have, however, tried 
to write in a manner which will accommodate the preferences of others. Chapters 
10 and 11 on atomic structure and bonding may be treated immediately after 
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Chapter 1, if the instructor prefers this organization. The material on thermo- 
dynamics can be delayed and presented just previous to the descriptive material 
of Chapter 13 et seg. Much of the discussion in Chapter 3 on the structures of 
solids can be combined with descriptive chemistry or with the material on chem- 
ical bonding. 

This book is primarily intended for serious students of science, including 
those majoring in biology, engineering subjects, and premedicine, as well as 
physics and chemistry. Calculus is used in and after Chapter 6; concurrent 
enrollment in the introductory calculus course will provide an entirely adequate 
mathematical background. 

sincere thanks go to Professors Jerry A. Bell, Francis T. Bonner, and Paul 
B. Dorain for reading the manuscript and making many kind and helpful 
suggestions concerning the material. The entire manuscript was typed by 
Mrs. Nancy Monroe, whose cheerful help and cooperation are greatly appre- 
ciated. A considerable portion of this book was written while I was a visitor at 
Oxford University, and I would like to acknowledge the hospitality extended to 
me by the fellows of the Queen’s College, and particularly the many kindnesses 
of Dr. and Mrs. J. W. Linnett. It has been my privilege to associate with two 
outstanding chemistry faculties. I would like to thank my teachers at Harvard 
University and my colleagues at the Berkeley campus of the University of 
California for the stimulation and instruction I have received from them. 


Berkeley, California BH aa. 
January 1965 
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CHAPTER 1 


STOICHIOMETRY AND 
THE BASIS OF THE 
ATOMIC THEORY 





Our whole understanding of chemieal phenomena is based on the atomie theory 
of matter. It is a theory remarkable for the detailed accuraey with whieh it 
deseribes a seemingly unknowable part of our physieal world, and it stands 
as the most important eollection of ideas in scienee. Throughout this book we 
will be eontinually drawing on the theory to help us organize and understand 
chemieal behavior. J*aeed with a repeated demonstration of the usefulness, 
detail, and subtlety of the atomic eoncept, it 1s natural to wonder how sueh 
ideas were generated. In this ehapter we will briefly outline the origins of the 
atomic theory and show how its development was connected with the growth 
of ehemieal setenee. 


1,1 THE ORIGINS OF THE ATOMIC THEORY 


The “atomism” of the Greek philosophers of 400 B.c. provides an interesting 
and enlightening eontrast to our present-day atomie theory. The Grecian atom 
was designed to resolve a logical confliet: on one hand there was the observation 
that natural objeets are in a eonstant state of change; on the other there was 
the unshakable faith that there must be a permanenee assoelated with things . 
which are real. The Greeks felt that this philosophieal impasse eould be avoided 
if invisible atoms were aeeepted as the permanent eonstituents of the universe, 
and 1f observable changes were interpreted in terms of their motions. 


Now it is clear that the phenomena of mixing, evaporation, erosion, and 
precipitation can be readily “explained” in terms of an atomie picture which is 
not at all detailed. With but little elaboration the atomic idea encompasses 
many properties of matter. The existence of solids requires only that certain 
atoms have extensions with which they can interlock themselves to form an 
unytelding mass. The atoms of liquids need only be smooth to flow over one 
another, while the taste of some chemicals ariscs from sharp edges of their atoms 
slashing at the tongue. While some of these ideas are of remarkable accuracy 
(the enzyme molecules in raw pineapple do indeed “slash” at the tongue by 
destroying the protein structure), they are nothing but conjecture. The Greck 
atomism lacked the essential feature of a scientific theory: it was not supported 
or tested by critical experiments. Since it was a construct of conjecture, it could 
be demolished by more conjecture. The objections which arose concerned the 
simplicity of atoms and the complexity of nature. How could something so 
small and inanimate be responsible for things which hive? How could the 
variety of nature arise from particles which, the Grecks felt, differed only 
shghtly from one another? How could any body, being a collection of particles 
moving in chaos, have predictable behavior? These are questions which still 
concern us and which stimulate the constant refinement of the modern atomic 
theory. They are also questions which, by 40 B.c., led to the abandonment of 
atomism as an active philosophy. One conjecture had been toppled or seriously 
shaken by others, and so the situation remained for nearly 2000 years. 

Surely it is correct to say that the logical basis for belief in the existence of 
atoms was supplied by Dalton, Gay-Lussac, and Avogadro, in work published 
in the early 1800’s. What is it, though, that distinguishes the contributions of 
these men from the ineffectual speculations of the preceding 2000 years? Why 
is it that Dalton is called the father of the atomic theory, when for a century 
and a half previous to his work such distinguished men as Boyle and Newton 
had used the particulate description of matter? The quality which Dalton 
held in common with Gay-Lussae and Avogadro was a concern for the testing 
of an idea by performance of a quantitative experiment, and the success he 
shared with them was the demonstration that divers experimental data can be 
summarized by a limited sect of generalizations on the behavior of matter. 
Dalton’s contribution was not that he proposed an idea of astounding origi- 
nality, but that he clearly formulated a set of postulates concerning the nature 
of atoms; a set of postulates which emphasized wezght as a most fundamental 
atomic property. 

On the basis of the crude experimental data available to him, Dalton sug- 
gested that there are indivisible atoms; the atoms of different elements have 
different weights; and atoms combme m a variety of simple whole number 
ratios to form compounds. We recognize today that these postulates are not 
all exactly correct, but they were the first rationalization of the quantitative 
laws of chemical combination. Inasmuch as the combining laws comprised the 
first convincing experimental demonstration that Dalton’s ideas were essentially 
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correct, they form the experimental basis for the atomic theory. Let us examine 
each of these laws, with respect to both its role in the development of the 
atomic theory, and the extent to which it is held valid today. 


Questions. Do you feel that any of the following phenomena constitute qualitative 
evidence for the existence of atoms: sharp edges on crystals; dissolution of solids in 
liquids; high compressibility of gases but not of liquids and solids; the suspension of 
small particles in liquids and gases; the occurrence of chemical change? Can you think 
of other models that will explain any or all of them? 


The Law of Definite Proportions 


In a given compound, the constituent elements are always combined in the same 
proportions by weiyht, regardless of the origin or mode of preparation of the com- 
pound. To those familiar with the atomic theory this law is in obvious agreement 
with the principle that each molecule of a given compound contains the same 
number of atoms of each constituent element. Since the atoms of each element 
can be assigned a definite average weight, the composition by weight of a given 
compound is some definite value fixed by the atomic weights and the molecular 
formula. The law of definite proportions had been established experimentally 
before Dalton published his atomic theory in 1807, and the consisteney of the 
theory with existing experiments was clearly in its favor and hastened its 
acceptance. However, the law of definite proportions is by no means a proof of 
the validity of the atomic theory. Our argument demonstrating the consistency 
of the atomic theory and the law of definite proportions might be more critically 
stated by saying that zf there are atoms, and zf compound formation involves 
interaction of these atoms in some specific way, then we might expect that all 
molecules of a given compound contain the same numbers of atoms. Then, 
if all atoms of a given element have the same weight, a compound must have 
a definite composition by weight. It was Daltou’s position that each of these 
conditional statements was true; but proof of this requires more than just the 
fact that the consequence of all of them together is consistent with experiment. 
We can say, however, that it is diffcult to imagine any theory not based on the 
atomic concept which could explain the law of definite proportions without 
even more scrious conjecture. 

Considering the importanec of the law of definite proportions to the develop- 
ment of the atomie theory, it is surprising to find that this “law” is in many 
cases only a rough approximation to observed behavior. In the first place, the 
composition by weight of any compound depends on the atomic weights of its 
constituent elements. Tor clements having more than onc isotope, the atomic 
weight is an average number whose value depcuds on the isotopic composition, 
and this may vary notiecably, depending on the souree of the element. Therc- 
fore the atomic weight of an element and the weight composition of its com- 
pounds are necessarily subject to variations, and consequently the law of 
definite proportions is not strictly followed. One of the most serious offenders 
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is boron, whose atomic weight may range from 10.82 to 10.84 as a result of 
natural variation in the ratio of abundance of the B!! and B!° isotopes. Fortu- 
nately, the variations of natural isotopic composition associated with inost 
elements are smaller than this, and become troublesome only in the most 
precise work. 

There is, however, another source of more serious violations of the law of 
definite proportions. While it is true that compounds composed of simple dis- 
crete molecules display a definite atomic and weight composition, it is also an 
experimental fact that there is an obvious variation in the relative numbers of 
atoms in ionic solids such as zine oxide, cuprous sulfide, and ferrous oxide. 
Jor example, the composition of cuprous sulfide can range from Cuy,.75 to 
Cuos. Materials in which the atomic composition is variable are called 
nonstoichiometric compounds, and the most extreme examples of this behavior 
are found among the sulfides and oxides of the transition metals. 

Let us see how the atomic theory accommodates the existence both of stoichio- 
metric and nonstoichiometric compounds. First consider a compound which 
consists of simple, discrete molecules, like nitric oxide, NO. Now it is clear that 
in order to make the atomic composition of nitric oxide depart from a 1/1 ratio, 
we must 1n some way change the atomic composition of each nitric oxide mole- 
cule. But the smallest possible change which we can make in a nitric oxide 
molecule is to add to it either one atom of nitrogen or one atom of oxygen. 
This results in the formation of NoO or NOs, both of which we recognize as 
compounds whose chemical properties are quite distinct from those of nitric 
oxide. Accordingly, we conclude that no change in the atomic composition of 
nitric oxide 1s possible without creating a new chemical species. The atomic and 
weight compositions of nitric oxide are therefore constant, and this and other 
molecular compounds obey the law of definite proportions. 

Solid compounds that contain no discrete molecules present an entirely dif- 
ferent situation. It is possible to prepare crystals of TiO with an atomic ratio 
of 1/1, yet if the conditions of preparation are varied, crystals of composition 
ranging from Tig.750 to T109.69 can be obtained. All these crystals have the 
same spatial arrangement of ions, as x-ray studies show. Depending on the 
preparation of the erystal, varying fractions of the titanium (II) and oxide 
ions are absent from sites in the crystal lattice that could be occupied, and 
titanium (II) oxide does not obey the law of definite composition. Such varia- 
tion in atomic composition can oecur without affecting the chemical properties, 
because titanium (IT) oxide contains no discrete molecules, and the change in 
the ratio of atoms in the crystal as a whole does not cause a change in its crystal 
structure. In contrast, the electrical and optical properties of the crystal are 
sensitive to its atomic composition, for the resistivity and color of nonstoichio- 
metric compounds change markedly as the atomic ratio varies. 

Vigure 1.1 indicates schematically how nonstoichiometry can occur through 
lattice vacancies (as in TiO) or through extra interstitial atoms (as in ZuQ). 
Note that the ability of an atom to assume more than one oxidation state 


STOICHIOMETRY AND THE BASIS OF ATOMIC THEORY 1.1 











“a 5 { ~ 
V £5 4 
o | j j 
‘ Ss . i 
Ne f 1 if r 
tnt | 


A schematic representation of nonstoichiometry in ionic solids. In (a) one Ti ++ is missing, FIG. 1.1 
and electrical neutrality is maintained by the presence of two Ti*? ions. In (b), a neutral 
zinc atom occupies an interstitial position in the crystal structure. 





(a) 


provides a mechanism for creating charge neutrality in the crystal, even though 
some 10ns of one charge are missing. This is the reason why nonstoichiometry 
is SO common in transition metal compounds. 

We should note that some of the compounds used by the early nineteenth- 
century chemists to “prove” the law of definite proportions were in fact non- 
stoichiometric! The variations in composition fell within the rather large 
experimental uncertainty o: the early chemical analyses. Thus this “law” which 
was sO Important to the development of the atomic theory, and which is today 
the basis for virtually every stoichiometric calculation, is only an approximation, 
originally “proved” by data inadequate to disclose its failures. This is a common 
situation in physical science: laws are derived from experiments, and have a 
validity determined by the accuracy of the experiment and the number of 
cases investigated. As more accurate experiments are done in more varied 
situations laws may need refinement, or may have to be discarded in favor of a 
more general concept. It has been useful to retain the idea of definite propor- 
tions, with a realization of its limitations. 


Questions. A compound is frequently defined as a substance which has a definite ele- 
mental composition by weight. Apparently this definition cannot include nonstoichiometric 
‘‘compounds."’ Can you think of some other properties which can be used to identify and 
define compounds? Is a precise definition really necessary? 


The Law of Multiple Proportions 


If two elements form more than one compound, then the different weights of one 
which combine with the same weight of the other are in the ratio of small whole 
numbers. The oxides of nitrogen provide a very satisfactory demonstration of 
this principle: the weights of nitrogen which combine with 16 grams (gm) of 
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oxygen in N2O, NO, and NQOg2 are respectively 28, 14, and 7 gm, which stand in 
the ratio 4:2:1. The law was demonstrated experimentally only after Dalton 
had advanced his hypothesis that compound formation involved combination 
of atoms in whole number ratios. This idea, taken together with the postulate 
that the atoms of each element had a characteristic weight, constitutes a 
prediction of the law of multiple proportions. Little time elapsed between the 
prediction and its experimental verification, and this timely success strengthened 
the scientific position of Dalton’s ideas. 


The Law of Equivalent Proportions 


Consider two substances A and B, either elements or compounds, which can 
react with each other and with a third substance C. Now a constant weight of C 
will react with different weights of A and B, and the ratio of the reacting weight 
of A to that of B is some number, generally not an integer; let us call this 
ratio R. When A reacts directly with B, the law of equivalent proportions says 
the ratio r of the reacting weight of A to that of B either is equal to FR, or is a 
simple multiple or fraction of R. That is, r= nF, where n is an integer or a 
ratio of integers. An illustration of this law will make its meaning considerably 
clearer. Nitrogen (A) and oxygen (B) react with hydrogen (C) to form ammonia 
(NH3) and water (H2O) respectively. One gram of hydrogen will react with 
4.66 gm of nitrogen to form ammonia, and with 8.0 gm of oxygen to form water. 
Therefore R is 4.66/8.00 = 0.583. Now nitrogen and oxygen can form any 
one of five compounds; let us consider the reaction 


No -{- Os = 2NO, 


in which 7, the ratio of the reacting weight of nitrogen to that of oxygen, is 
$5 = 0.875. According to the law of equivalent proportions, 


0.875 = 0.583n, 
where 7 1s an integer or integer ratio. Solving for n we find 


1 a 0875 _ 3. 

0.583 2 
For other compounds of nitrogen and oxygen, » has different valucs, but each 
is the ratio of integers. 

While it is difficult to state the law of equivalent proportions coneiscly, an 
analysis of it supplies significant support for the atomic theory. If we have a 
fixed weight of substance C, the atomic theory tells us that we have a fixed, 
though unknown, number of particles. If we allow C to react with substance A, 
we have in effect counted out a number of particles of A which is related by 
integers to the number of particles of C, af compound formation involves com- 
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bination of atoms in simple whole number ratios. Again, combination of our 
fixed weight of C with B “eounts out” a number of particles of B which is again 
some simple multiple of the number of C-particles. Thus, the number of A- and 
B-particles “selected” in this way must stand in the ratio of integers. 

A little refleetion shows that the ratio R is merely the ratio of selected 
A-particles to B-particles, multiplied by the ratio of the weights of these par- 
ticles. The direet reaction of A with B also “selects” A- and B-particles in an 
integer ratio, which when multiplied by the ratio of weights of A- and B-particles 
becomes the ratio r. Since both R&R and r arc related by the same factor to integer 
ratios, they must be related to eaeh other by a multiplicr which is the ratio of 
whole numbers. This multiplier is equal to the factor n used in the previous 
paragraph. Once again the assumption of eharacteristie atomic weights and of 
compounds involving atoms in small whole number ratios allows us to advance 
an argument, tedious but not elaborate, whieh rationalizes a gencral observa- 
tion of chemical behavior. 

Compounds have a definite composition by weight; the different weights of 
one element which combine with a fixed weight of another stand in integer 
ratios; the weights of two chemicals which combine with eaeh other and with a 
third are related by integers. Does any one of these laws of chemieal eom- 
position prove the atomic theory? Not at all. By itself, eaeh stands as a narrow 
observation, only hinting of its probable eausc. Taken together they are gen- 
eralizations of three apparently independent aspeets of natural behavior which 
find a unified explanation in the atomie theory. Rather than any one piece of 
evidence, 1t was the ability to relate and explain an accumulation of observa- 
tions whieh led to aeceptance of the atomie theory. 


Question. The equivalent weight of an element is that weight which combines with 8 gm 
of oxygen. Is the following an accurate restatement of the law of equivalent proportions: 
Elements combine with each other in proportion to their equivalent weights, or in small 
integer multiples thereof? 


1.2 DETERMINATION OF ATOMIC WEIGHTS AND MOLECULAR FORMULAS 


Given the existenee of atoms of characteristie weight, and given their tendeney 
to combine in the ratio of small whole numbers, we consider the problem of 
determining both atomic weights and molecular formulas. Now it is clear that 
if one of these were known, the other eould be determined. Tor cxample, if 1t 
were known that in eupric oxide there is exactly one oxygen atom for every 
copper atom, then the experimental fact that in CuO there are 63.5 gm of 
copper for every 16 gm of oxygen would mean that the average relative weights 
of a copper atom and an oxygen atom were in the ratio of 63.5 to 16. In other 
words, the atomic weight of copper would be 63.5 on a scale which took the 
atomic weight of oxygen as 16. So it is simple to see how atomic weights ean 
be determined if formulas are known, and of course the process is easily re- 
versed; if atomic weights are known, formulas ean be determined readily. The 
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problem confronting the chemists of the early nineteenth century was how to 
determine atomic weights and formulas szmultaneously, sinee both were unknown. 

The approach taken by Dalton is one often used im scientific investigation: 
if there is no information to the contrary, make the simplest possible assump- 
tion and pursue its consequences. Thus, Dalton’s “rule of greatest simplicity”: 
if two elements form only one compound with each other, a molecule of this 
compound contains only one atom of each element. In 1805, water was the 
only known compound of hydrogen and oxygen, so its formula was taken as 
HO. This assumption, together with the fact that water contains 8 gm of 
oxygen for each gram of hydrogen, forced the conclusion that the atomic weight 
of oxygen was 8 on a scale which took the atomic weight of hydrogen as unity. 
A risky supposition had led to a false conclusion, but Dalton could offer no 
better solution to the problem of atomic weights and molecular formulas. 

Work of Gay-Lussac, published in 1808, supplied what became the eventual 
basis for the establishment of molecular formulas. Aun investigation of gaseous 
reactions showed that the combining volumes, measured under conditions of 
constant temperature and pressure, stood approximately in the ratios of small 
integers. The cases examined by Gay-Lussae included the reaction of ammonia 
with carbonic acid, where he found two different reactions which we would 
write: 

NH3(g) + HeCOs(aq) = NH,HCOs3(aq), 
2NH3(g) + H2CO3(aq) = (NH4)2CO3(aq). 


The volumes of ammonia consumed in these two reactions are in a 1/2 ratio; 
thus the law of multiple proportions finds its analog in the volume relationships 
of reacting gases. Pursuing the idea that reacting volumes were always related 
by integers, Gay-Lussac interpreted the measurements of others to show that 
ammonia is composed of three volumes of hydrogen to one of nitrogen, and that 
in nitrous oxide, nitric oxide, and nitrogen dioxide (N20, NO, and NOg) there 
were respectively 2, 1, and 4 volumes of nitrogen for each volume of oxygen. 
The apparently relentless appearance of integer relationships seemed to Gay- 
Lussac and others to support the atomic theory, but these results found least 
favor with the man who, we might have expected, should have welcomed 
them most. 

Dalton saw that Gay-Lussac’s observations, if correct, implied that the 
numbers of particles contained in equal volumes of gases were either equal or 
integral multiples of one another. Dalton could find two serious objections to 
this conclusion. First, it was known that the density of the water vapor which 
resulted from the reaction of hydrogen with oxygen was less than the original 
density of oxygen. With the correct molecular formulas at hand, this result is 
not difficult to explain. We merely recognize that since the formula of water is 
H.O, and that of oxygen is Oo, the weight of an oxygen molecule is greater 
than the weight of a water molecule. Then, if one liter of each of these gases 
contains equal numbers of molecules, the density or the weight per liter of 
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oxygen should be greater than the density of water vapor. The difference in 
density is entirely explained by the fact that elemental oxygen contains two 
oxygen atoms per molecule, and the water molecule but one. However, to 
someone conditioned to think of a chemical reaction only as an addition of one 
atom to another, to someone who pictured the formation of water as 


H+0= HO, 


there appeared only one way for water vapor to be less dense than oxygen: 
fewer molecules of water than of oxygen had to be contained in equal volumes. 

Dalton’s second objection was based on the following argument. It was 
observed that from equal volumes of nitrogen and oxygen, two volumes of nitric 
oxide would be produced. If equal volumes of different gases contained equal 
numbers of particles, and if, as Dalton felt, each particle of an elemental gas 
was an indivisible atom, we would be forced to write 


nitrogen ++ oxygen — nitric oxide, 
1 volume + 1 volume — 2 volumes, 


natoms + natoms — 2 n molecules. 


The first two lines represent experimental facts, the last, Dalton pointed out, 
is ah impossibility. The reaction of n indivisible atoms can never produce 
more than n new particles. This reasoning is based on a most arbitrary as- 
sumption: the “particles” of elements are individual atoms. Dalton chose not 
to question the validity of this assumption, but instead rejected the “equal 
volumes-equal numbers” idea and the data on which it was based. 

An argument in favor of the “equal volumes-equal numbers” hypothesis 
was advanced by Amadeo Avogadro in 1811. By combining this idea with his 
novel suggestion that gaseous elements could consist of polyatomic molecules, 
Avogadro successfully reconciled the combining volume data with the concept 
of the indivisible atom. He pointed out that once it is admitted that nitrogen 
and oxygen can be polyatomic, the volume relations accompanying the forma- 
tion of nitric oxide can be explained by saying 


nitrogen + oxygen — nitric oxide; 

1 volume + 1 volume — 2 volumes; 

n molecules +- n molecules — 2n molecules; 
Net O02 — 2NO; 

-Ngt O04 — 2N2Q0o. 


Lines 1 and 2 are experimental facts. Line 3 combines the “equal volumes- 
equal numbers” hypothesis with the idea that elemental gases can be poly- 
atomic; it avoids the necessity of splitting atoms by offering the opportunity 
to divide polyatomic molecules. Lines 4 and 5 contain two suggestions (there 
are many others) of molecular formulas which are consistent with the com- 
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bining volume data. Avogadro’s work answers Dalton’s objections to the 
“equal volumes-equal numbers” principle, but only at the cost of introducing 
another hypothesis: the existence of polyatomic elements. Moreover, as shown 
by line 5 above, the formulas of these polyatomic elements are left undcter- 
mined; consequently we are still without a scheme for the unequivocal deter- 
mination of atomic weights and molecular formulas. 

In the years between 1811 and 1858 the problem of determining the atomic 
weight scale became more and more vexing. Solutions were proposed, only to 
be abandoned when they failed to account for all of a growing body of experi- 
mental facts. Eventually there were those who felt that 1t was impossible ever 
to determine atomic weights and molecular formulas. The permanent solution 
required only a slight extension of Avogadro’s reasoning, and this Stanislao 
Cannizzaro supplied in 1858. 


Cannizzaro’s Analysis 


10 


Cannizzaro based his method of atomic weight determination on the idea that 
a molecule must contain a whole number of atoms of each of its constituent 
elements. Given this, it is clear that in one gram molecular weight of a com- 
pound there must be at least one gram atomic weight of a given element, or 
otherwise some integral multiple of this weight. Therefore, if a series of the 
compounds of this element are analyzed, and the weights of the element con- 
tained in one gram molecular weight of the various compounds compared, it 
should eventually become obvious that all these weights are integral multiples of 
some number which is very probably the gram atomic weight. To use this method, 
there must be a way to find the molecular weights of the compounds. For this, 
Cannizzaro turned to Avogadro’s principle: since under the same conditions 
equal volumes of gases contain equal numbers of molecules, the weights of these 
equal volumes must stand in the same ratio as the weights of their molecules, 
or as their molecular weights. With such a set of relative molecular weights 
available, Cannizzaro defined the molecular weight of hydrogen gas to be 2, and 
thus fixed the absolute values of all others. 


Table 1.1 Atomic Weight of Oxygen 


Molecular weight Weight of oxygen 


Compound aI akeecto Flea? in one gram 
molecular weight 
Water 18 16 
Nitric oxide 30 1G 
Nitrous oxide 44 16 
Nitrogen dioxide 46 32 
Sulfur dioxide 64 32 
Carbon dioxide 44 32 
Oxygen 32 32 
Ozone 48 48 
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Let us illustrate Cannizzaro’s procedure by outlining the determination of 
the atomic weight of oxygen. First, the molecular weights of a number of 
gaseous compounds of oxygen are determined by measuring their densities rela- 
tive to hydrogen gas at the same temperature and pressure. l‘or example, the 
density of nitric oxide gas is almost exactly fifteen times that of hydrogen; 
therefore the molecular weight of nitric oxide 1s 30 on a scale in which hydrogen 
gas is defined to be 2. Similar experiments on the other oxygen containing gases 
provide the molecular weight data in Table 1.1. 

The second step is the determination of the weight of oxygen contained in 
one gram molecular weight of each compound. ‘This follows easily from a 
chemical analysis, which gives the composition of the compound in percent or 
fraction by weight. The weight fraction of oxygen multiplied by the molecular 
weight gives the desired quantity. To pursue our example, when one gram of 
nitric oxide is decomposed to the elements, 0.533 gm of oxygen is recovered. 
Consequently in 30gm of nitric oxide there are 30 X 0.533/1 = 16 gm of 
oxygen. Repetition of this procedure gives the weight of oxygen contamed in 
one gram molecular weight of each of the gases in Table 1.1. 

The third and final step is to examine these data for integral relationships. 
The smallest weight of oxygen found in one gram molecular weight of a com- 
pound is 16 gm, and all others are its integral multiples; so we might hastily 
conclude that 16 is the atomic weight of oxygen. However, all numbers in the 
table are also multiples of 8, and we might argue that 8 is the atomic weight of 
oxygen. But to adopt 8 as the atomic weight would force us to the very unlikely 
conclusion that all compounds of oxygen available to us contain even numbers 
of oxygen atoms, since the odd multiples of 8 (8, 24, 40) are absent from the 
table. It seems, then, that the proof that the atomic weight of oxygen is 16 lies 
in the repeated failure to find a compound which contains 8, 24, or 40 gm of 
oxygen in one gram molecular weight. 

It is apparent that analogous procedures will yield the atomic weights of 
other elements each of which forms a series of gaseous compounds. Thus by 
clever combination of the law of multiple proportions and the “equal volumes- 
equal numbers” principle, Cannizzaro removed the dilemma associated with 
the atomic weight-molecular formula and supplied a lasting chemical basis for 
the atomic theory. 

Let us review the arguments which led to a quantitative atomic theory. We 
have first the proposals of Dalton: there are indivisible atoms; those of a given 
element are alike in weight; the atoms of different elements have different 
weights; atoms combine in a variety of simple whole number ratios to form 
compounds. These proposals find strong support in the laws of chemical com- 
bination. Then come Gay-Lussac’s observations of combining gaseous volumes; 
these suggest only that a fixed volume f different gases contains numbers of 
molecules which are in the ratio of int;. rs. Avogadro’s statement that these 
numbers are equal is an assumption, ad this assumption is at the heart of 
Cannizzaro’s procedure for finding ato:nic weights. Thus the original argu- 
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ments which led to the definition of the chemical atomic weight scale were not 
free from conjecture, but involved hypotheses which have since been justified 
by a wealth of experimental data. 


Other Guides to the Atomic Weights 
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Cannizzaro’s method was initially limited to determining the atomic weights of 
elements which formed gaseous compounds. We turn now to two other principles 
which helped to establish a complete atomic weight scale: the Dulong and 
Petit law of atomic heat capacity and Mendeleev’s law of chemical periodicity. 

In 1819, Dulong and Petit measured the specific heats* of a number of metals, 
and found that the values for the various materials differed considerably. They 
then sought to calculate the heat required to raise not a fixed weight, but a fixed 
number of atoms one degree. One gram atomic weight of the different elements 
contains the same number of atoms; thus multiplication of the specific heat of 
each element by its gram atomic weight gives the heat required to raise a fixed 
number of atoms of all substances one degree celsius. Naturally this procedure 
requires an accurate table of atomic weights, and the best available to Dulong 
and Petit contained several entries which, because of the atomic weight-molec- 
ular formula confusion, differed from the true values by simple numerical 
factors. However, the product of the specific heat and some of the atomic 
weights was a constant which on our present scale has the approximate value 6. 
Dulong and Petit assumed that this was a universal relation, and that failure to 
obey this law indicated an incorrect atomic weight. Iurthermore, they found 
that it was possible to “correct” the offending atomic weights by multiplying 
them by mteger ratios, and once this was done all elements obeyed the relation 


specific heat (cal/gm-deg) X atomic weight (gm/gm atom) 
= 6 (cal/deg-gm atom). 


The “correction” applied to some of the atomic weights was not so arbitrary 
as might first appear, for at the time it was generally accepted that molecular 
formulas were uncertain, and that atomic weights could be m error by factors 
which involved small mtegers. Thus Dulong and Petit found a relationship 
which today we still accept as correct, within certain well-understood limits: 
the heat capacity of one mole of atoms im the solid state is approximately 6 
calories per degree celsius. Table 1.2 shows that a variety of solid elements 
obey this law, and that the deviations characteristically fall among solids which 
contain the very light elements. 


* The specific heat is the number of calories (cal) required to raise one gram of material 
one degree celsius. The term heat capacity generally refers to the heat required to raise 
one mole of material one degree celsius. 
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Table 1.2 Heat Capacities of Some Solid Elements 


Ales ent Atomic Specific heat Heat capacity 
weight (cal/deg-gm) (cal/deg-mole) 
Lithium 6.9 0.92 6.3 
Beryllium 9.0 0.39 Sis. 
Magnesium 24.3 0.25 6.1 
Carbon (diamond) 12:0 Oli 1.4 
Aluminum 27-0 0:21 oF 
lron 2)a ye Ot) Gill 
Silver 107.9 0.056 6.0 
Lead ZO72 0-031 6.4 
Mercury 200.6 0.033 6.6 


The following example illustrates how, despite its approximate nature, the 
law of Dulong and Petit can lead to an accurate atomic weight. A careful chem- 
ical analysis shows that in a compound of copper and chlorine there are 0.3286 gm 
of chlorine and 0.5888 gm of copper. Given that the atomic weight of chlorine 
is 35.46, what is the atomic weight of copper? Our data allow us to calculate 
that one gram atomic weight of chlorine will combine with 0.5888 x 35.46/ 
0.3286 = 63.54 gm of copper. If the empirical formula of the compound is 
CuCl, the atomic weight of copper is 63.54. But if the formula is CugCl or 
CuCl, the atomic weight of copper is either 31.77 or 127.08. Clearly, a rough 
value of the atomic weight will allow us to choose between the more precise 
alternatives. The measured specific heat of copper is 0.093 cal/deg-gm. Apply- 
ing the law of Dulong and Petit we find 


, ie 
atomic weight = 0.093 > 64, 
which allows us to choose 63.54 as the correct atomic weight, and CuCl as the 
formula of the chloride. 

The periodic table also served as a guide to the rough values of the atomic 
weights. The table published by Mendeleev in 1869 ordered the elements 
according to the atomic weights determined largely by the method of Can- 
nizzaro. The table contained gaps which corresponded to undiscovered elements, 
or to those whose atomic weights were unknown or miscalculated. These gaps 
(or their absence) aided subsequent atomic weight assignments. The atomic 
weight of uranium had first been taken as 120 on the basis of chemical analysis 
and an assumed formula of its oxide. Mendeleev saw that there was no place 
in this table for an element with atomic weight between that of tin (119) and 
antimony (122), and so suggested that the correct atomic weight of uranium 
was nearer 2 X 120 = 240, as in fact it is. Similarly, he corrected the valuc 
initially assigned to indium from 76, which would have forced it between 
arsenic and selenium, to 76 x 3/2 = 114, which is quite close to the presently 
accepted value. 
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Precise Atomic Weights 
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Our diseussion has emphasized the principles involved in the construction of the 
atomie weight scale; there remains the problem of how to establish the best 
values of the atomic weights. There are three important methods: accurate 
determination of reacting or combining weights, accurate determination of gas 
densities, and mass spectrometry. The first two are refinements of the classical 
methods already discussed, while the third ts a totally different approach. 


Table 1.3 Relations between atomic weight scales* 


Old Old New 
physical scale chemical scale unified scale 
Ore 16 exactly 15.99560 15,99491 
O 16 exactly 15.9994 
Ci 12.00382 12.00052 12 exactly 
C 1201 12.0118 


*After E. A. Guggenheim, J. Chem. Ed., 38, 86 (1961). 


Before taking up these methods of atomic weight determination in detail, 
we should discuss the basis of the numerical values in the atomic weight seale. 
The atomie weights are a set of relatrve numbers whose absolute value depends 
on some defined standard. In the past, physicists have defined the mass of the 
most abundant isotope of oxygen, O'°, as 16 exactly, while chemists defined the 
average atomie weight of the naturally oeeurring mixture of oxygen Isotopes 
(O'® O17, O!8) as exactly 16. These two definitions led to two different atomie 
weight seales. According to the physicists’ seale, the atomie weight of the 
mixture of oxygen isotopes was not 16, but 16.0044. Thus to convert a physieist’s 
atomie weight to a chemist’s atomie weight it was necessary to multiply by 
16.0000/16.0044 = 1/1.000275. In 1961 both seales were abandoned and 
replaced by a unified seale based on a new standard. The atomie weight of the 
most abundant isotope of earbon, C!?, is now defined to be 12 exactly. The very 
small ehanges caused by this new definition are summarized in Table 1.3. 

The combining werght method has given us most of the aeeepted atomie 
weights. The prineiple 1s stmple: some reaction involving the element of un- 
known atomie weight and another element whose atomie weight is known ts 
earried out quantitatively. This establishes a combming or reaeting weight 
ratio between the two elements. Smee atoms combine m the ratio of small 
integers, the combining weight ratio is either exaetly equal to, or is an integral 
multiple of, the ratio of atomie weights. I'or example, it 1s found that 1.292 gm 
of pure silver reaet with 0.9570 gm of bromine to form silver bromide. The 
ratio of reacting weights, 1.292/0.9570 = 1.350, is equal to the ratio of atomic 
weights, smmee the formula of silver bromide is AgBr. Thus, taking Ag = 
107.87, we find Br= 107.87/1.350 = 79:90. A variety of chemical reaetions 
are used to establish atomie weights, and in cach ease greatest care must be 
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taken to see that the reagents are of highest purity, and that the reactions 
proceed quantitatively to give compounds of definite, known composition. 

To obtain accurate atomic and molecular weights from gas density measure- 
ments it is first necessary to realize that Avogadro’s principle is not strictly true 
for gases near atmospheric pressure. Because of forces between molecules, 
which are different in different gases, equal volumes of various gases do not 
contain exactly equal numbers of molecules. Avogadro’s principle becomes 
exact only in the limit of very low pressure, and gas densities measured under 
these conditions do stand in the ratio of the molecular weights of the gases. 

How can we find the density a gas would have if no forces acted between the 
molecules? Experiments and the kinetic theory of gases cause us to be confident 
that in the limit of zero pressure, that 1s, when the molecules are far apart and 
the forces between them are negligible, the gas density 6 should be exactly 
proportional to the pressure P: 


Ch earn ag (no intermolecular forces). 


Here it 1s helpful to think of the proportionality constant a as the density that 
a gas would have at 1 atm pressure (P = 1) if there were no forces between the 
molecules. Thus, it is just the quantity we want. When gases are at finite 
pressure, and intermolecular forces are important, there must be a correction 
term added to the equation which shows that the density is no longer strictly 
proportional to the first power of the pressure. The simplest type of correction 
term would be of the form @P”, where @ is a positive or negative constant that 
depends on the existence of intermolecular forces. The equation for the density 
now is 
6 = aP + BP”, 
which we can rewrite as 


6/P = a+ BP. 


Now we see that in order to find a, we need only plot the measured ratio of the 
density to pressure as a function of pressure, and find the intercept of the 
resulting straight line. Such plot is shown in Fig. 1.2. I'rom it we can find that 
the ideal density of CO, gas at 1 atm and 273.1°)S is 1.9635 gm/liter. 

Such ideal densities can be used to compute molecular weights. [or example, 
the ideal density of neon gas is found to be 0.9004 gm/liter, while that of oxygen 
is 1.428 gm/liter, both at 1 atm and 273.1°IX. Since equal volumes of gas con- 
tain equal numbers of molecules, the ratio of gas densities must be the ratio 
of molecular weights. Taking the molecular weight of oxygen to be 31.999, 
we find 


0.9004 _ 
Gog X 31.999 = 20.18 


for the atomic weight of neon. 
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Questions. The ideal density of CO2 found from Fig. 1.2 is 1.9635 gm/liter at 1 atm and 
273.1°K. What is the molecular weight of CO2? What is the atomic weight of carbon? 


The mass spectrographic method is capable of giving the most precise atomic 
weights. Once again the principle of the method 1s simple; its execution requires 
the greatest care to be successful. As shown in I'ig. 1.3, the mass spectrograph 
consists of three major parts: a source of gaseous ions, an evacuated dispersing 
region in which ions of different charge-to-mass ratio are forced to travel dif- 
ferent paths, and a detector which locates the trajectories followed by the 
different ions. The ion source is most often a small chamber in which gaseous 
atoms or molecules are bombarded with a beam of energetic electrons obtained 
from a heated filament. The collision of the electrons with the molecules pro- 
duces positive ions, some of which are only fragments of the original molecule. 
For instance, the bombardment of water vapor gives not only H,O7T, but OH™, 
O*, and H*. Some of the positive ions are accelerated by an electric field, pass 


Ion 
accelerating 
voltage eo 
Electron 


beam 





Magnetic field | 


Tan eat Collimating slits 


Schematic drawing of a mass Spectrograph. 
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through a sht, and enter a highly evacuated flight tube in whieh they are subject 
to a magnetic field. This field eauses the ions to follow circular trajectories 
whose radii are given by 1/r? = (B?/2V’)(e/m), where B is the value of the 
magnetie field, V is the voltage difference through which the ions were aeeel- 
erated, and e/m is the ratio of the tonic eharge to the tonic mass. Those ions 
having the same ratio of charge to mass follow the same path; the paths of 
greatest radius are taken by ions whose eharge-to-mass ratio 1s smallest. 

The detector, which is a photographie plate, intereepts the ion trajectories 
and reeords the position and intensity of each 1on beam. Tor each image found 
on the plate, the radius of eurvature of the eorresponding ion path ean be 
found, and in turn, the charge-to-mass ratio of the ion eomputed. The most 
accurate comparisons ean be made between the masses of fragments whieh fall 
close to each other on the photographie plate. For instanee, the ions '®O7, 
CHa, *CDH3, '°CDi, '*NH¢, and '*ND?* all have a mass of 16, approxl- 
mately. As Fig. 1.4 shows, the mass speetrograph is eapable of resolving the 
small mass differenees which exist among these fragments. This mass speetro- 
gram permits accurate calculation of the mass of the deuterium atom in terms 
of the mass of the hydrogen atom, and 1f the mass of hydrogen is known, the 
masses of O'° and N'? ean be calculated in terms of the mass of C!”. 


CDH, 
CD, 
O16 ND NHa\ 


CH, 


( 





Mass spectrum of some ions of approxi- 
mate mass 16. 





Increasing mass ————» 


We see that the mass spectrograph permits the accurate determination of 
the masses of the isotopes of a given element. But as we noted in Section 1.1, 
for elements having more than one isotope, the atomic weight 1s an average 
number whose value depends on the relative amounts of each isotope. Thus, 
accurate determination of the relative abundances of the tsotopes of an element 
is necessary before its ehemieal atomic weight can be caleulated. This isotopic 
abundance determination ts also done with the mass spectrograph, but instead 
of recording the ions photographically, the intensity of each ton beam is mea- 
sured electrically. For example, carbon is found to consist of 98.892% C!?, and 
1.108% C'%. On the unified atomie weight scale, C'? has a mass of 12 exactly, 
and C!? has a mass of 13.00335. Thus, the atomic weight of the isotopic 
mixture is 

12.0000 x 0.98892 = 11.8670 
13.0033 xX 0.01108 = 0.1441 


12.0111 
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Considering the great precision which mass spectrometry offers in the deter- 
mination of both isotopic mass and abundance, one might ask why many of 
our atomic weights are listed only to four significant figures. Often the limita- 
tion 1s set not by the accuracy with which the determination can be done, but 
by natural variations m the isotopic content of the elements themselves. There 
is no point to listing the atomic weight of an element to five significant figures 
when the natural variations in isotopic composition cause variation in the 
fourth significant figure. 


Question. Can you think of any reasons why the isotopic composition of elements should 
differ in different sources? 


1.3 THE MOLE CONCEPT 
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The fundamental unit of chemical thought 1s the atom or molecule; it is 
therefore no surprise that the ability to measure and express the number of 
molecules present in any chemical system is of foremost importance. The 
number of molecules present in a system occupies a central position in all 
chemical reasoning, and virtually all the equations of theoretical chemistry 
contain the number of molecules as an important factor. While it is possible 
today to detect the presence of single atoms, any direct attempt to count the 
enormous number of atoms m even the smallest chemical system would occupy 
the total population of the world for many centuries. The practical solution 
to counting large numbers of atoms is much less imposing; we need only use 
the most fundamental of laboratory operations, weighing. 

Our discussion of the development of the atomic theory led to the conclusion 
that equal numbers of atoms are contained in one gram atomic weight of each 
element, and that the same number of molecules is found min one gram molecular 
weight of any compound. The terms “gram atomic weight” and “gram molec- 
ular weight” are awkward and tend to conceal the fact that the reason they 
are used is to refer to a fixed number (Avogadro’s number,* 6.022 < 107%) of 
particles. It is more convenient to use the term mole to stand for the amount 
of material which contains this number of particles. As formal definitions 
we have 


The number of carbon atoms in exactly 12 gm of C!* is called Avogadro's number, N. 
One mole is the amount of material which contains Avogadro's number of particles. 


These definitions emphasize that the mole refers to a fired number of any type 
of particles. Thus it is correct to refer to a mole of helium, a mole of electrons, or 
a mole of Nat, meaning respectively Avogadro’s number of atoms, electrons, 
or ions. On the other hand, phrases like “one mole of hydrogen” can be am- 
biguous, and should be restated as “one mole of hydrogen atoms” or “one mole 


* Avogadro’s number has been determined by a variety of techniques some of which 
are described in Appendix A. 


STOICHIOMETRY AND THE BASIS OF ATOMIC THEORY 1.3 


3 


of hydrogen molecules.” It is a matter of common practice among chemists, 
however, to let the name of the element stand for its most common form. Thus 
one mole of Og is frequently referred to as one mole of oxygen, whereas one 
mole of O is called one mole of oxygen atoms. 

lrom the definitions we see that the weight of one mole of material is always 
equal to its atomic (or molecular) weight in grams. Thus, to measure out some 
multiple or fraction of Avogadro’s number of particles we have only to weigh 
out the appropriate multiple or fraction of the atomic or molecular weight. 
That is, 
weight (gm) 


number of moles = weight of one mole (gm/mole) 


weight 
atomic (molecular) weight 


Despite the fact that the number of moles is often measured by weighing, it is 
more profitable to think of one mole as a fixed number of particles rather than 
a fixed weight. One mole is always Avogadro’s number of particles, but the 
weight which contains one mole differs for various substances. 


Question. We make frequent use of ‘‘conversion factors”’ to change from one set of units 
to another. The atomic mass unit (amu) is defined as 7 the mass of a C!? atom. Do you 
think the statement that Avogadro’s number is the conversion factor changing atomic 
mass units to grams is correct? 


Some confusion can arise concerning the “molecular weights” of substances 
in which no discrete molecules exist. For example, in solid sodium chloride 
there are no identifiable NaCl molecules, only ions of sodium and chlorine. 
Nevertheless, it is common to use the term “molecular weight of sodium chloride” 
as if this substance were composed of NaCl molecules. In this context the words 
“molecular weight of NaCl” mean only the weight of material that contains 
6.02 x 107° ions of each type, and carry no implication about the existence of 
molecules in the crystal. Strictly we should refer to the formula weight of a 
substance like NaCl, and write 


weight 


number of moles = formula weight 


However, the words “molecular weight” are frequently substituted for “formula 
weight. ” 


1.4 THE CHEMICAL EQUATION 


A chemical reaction is a mechanical process in the same sensc as is raising a 
weight, for in a chemical reaction, a mechanical system of atoms is converted 
from one state to another. Tor example, the reactants in the transformation 


2Agt (aq) + H2S(aq) = AgeS(s) + 2H *(aq) 
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are atoms of silver, hydrogen, and sulfur in a particular mechanical arrange- 
ment or grouping which we describe as an aqueous solution of silver ions and 
an aqucous solution of hydrogen sulfide molecules. The products are just the 
same atoms in different arrangement—the silver and sulfur atoms are grouped 
together as ions in a solid substanee which is precipitated from the solution, 
and the hydrogen atoms are present as ions in the aqueous solution. The role 
of the chemical equation is to describe the chemical process both qualitatively 
and quantitatively in a way which is at once accurate and brief. 

To describe a reaction qualitatively, we want the symbols to describe the 
state or condition of the reactants and products as they occur under the con- 
ditions of the reaction. In the example above, the solution of hydrogen sulfide 
contains HT, HS~, and S* ions, as well as H.S molecules. However, for most 
purposes it would needlessly complicate our description if we listed each of these 
species as a reactant. Investigations of aqueous solutions of hydrogen sulfide 
show that most of the sulfur-containing material is present as undissociated 
hydrogen sulfide molecules, and therefore this solution 1s most conveniently 
represented by the symbol H2S(aq). In contrast, in a solution prepared by 
mixing sodium hydroxide and hydrogen sulfide, the sulfur species in greatest 
concentration might be HS~; 1f so, this symbol would be the best description 
of the solution. Jn general, when one of the reacting atoms is present in more 
than one form, the species in highest concentration is used in writing the 
chemical reaction. The point 1s simply to describe the system as accurately as 
possible without sacrificing brevity. | 

Another qualitative principle used in writing chemical equations ts that 
chemical specics which are not used or produced by the reaction are not in- 
cluded in the equation, even though they may be present in the reacting system. 
In our example, the silver ion may have been obtained as an aqueous solution 
of silver nitrate, but the nitrate ion is left unchanged by the reaction; so inelud- 
ing 1t in the equation would serve no purpose. 

The stoichiometric coefheients which appear in a chemical cquation express 
the quantatitive aspect of a chemical reaction. In many cases these coefficients 
represent only the relative numbers of molecules which participate in a chemical 
reaction. Thus m this context it 1s quite correct to write 


5No +: $Ho = NHsa. 


The equation says only that in the synthesis of ammonia, the number of am- 
monia molecules produced is twice the number of nitrogen molecules, and 
two-thirds the number of hydrogen molecules used. 

In other instances, chemical cquations are used to describe the behavior of 
individual molecules. For example, the recombination of oxygen atoms to form 
molecules occurs in the presence of O» by two successive chemical trausforma- 
tions. In the first step, one oxygen atom reacts with one oxygen molecule to 
give ozone: 


O+ 0. —-> Oz. 
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The second step is the reaction of another oxygen atom with Og to give two 
oxygen molecules: 


Since in writing these equations we are using chemical symbols to stand for 
individual atoms and molecules, it is noé proper to divide the last equation by 
2 to give 


30 + 303 — Oz. 


In the context used, this would imply the existence of “half-molecules,” which 
is nonsense. It is always clear from context whether the chemical symbols 
stand for individual molecules or a collection of molecules. 

The chemical equation is an example of a conservation equation, since it 
expresses the fact that in a chemical reaction the number of atoms of each 
element is constant, or is conserved. This is, of course, the principle used to 
“balance” the equation. I*urthermore, the equation represents the fact that 
net electrical charge is neither created nor destroyed by chemical reactions. 
In the equation describing the reaction between silver ion and hydrogen sulfide 
we see that the net charge on the reactants and the products is the same: -+2. 
We shall find in Chapter 7 that the principle of charge conservation is very 
helpful in balancing oxidation-reduction equations. 


1.5 STOICHIOMETRIC CALCULATIONS 


Now let us draw on the definition of the mole and the principle of atom con- 
servation to attack the problem of weight relations in chemical reactions. To 
illustrate the procedure which we shall find can cope with the most difficult 
problems, let us choose a simple example. The chemical equation 


states that 2n molecules of carbon monoxide and n molecules of oxygen are 
used to form 27 molecules of carbon dioxide, where n is any number. If 7 is 
taken as 6.022 x 107°, then the equation says that two moles of carbon mon- 
oxide plus one mole of oxygen can be converted to two moles of carbon dioxide. 
This argument illustrates the supremely important fact that since a mole con- 
tains a definite number of particles, anything that can be said about relative 
numbers of molecules or atoms may be said about relative numbers of moles. This 
statement is the basis for all stoichiometric calculations. 

Now let us solve the elementary problem of finding the weight of carbon 
dioxide which can be obtained from the combustion of 12.0 gm of carbon 
monoxide with excess oxygen. The general method of attack on this and similar 
problems involves use of the most valuable piece of information about the 
reaction, the chemical equation. In this example the chemical equation tells us 
directly that: 


2 moles of carbon monoxide yield 2 moles of carbon dioxide; 


io STOICHIOMETRIC CALCULATIONS 


21 


22 


so we can say that, in general, 
moles of carbon monoxide used = moles of carbon dioxide produced. 


Since there is one mole of carbon atoms in both one mole of carbon monoxide 
and one mole of carbon dioxide, these word equations are simply statements 
that carbon atoms are conserved in the chemical reaction. To effect the desired 
calculation, we need only apply the expression for the number of moles in an 
arbitrary weight: 


_ weightof CO 12.0 _ = 
moles of CO = PS IE ee eT 280 = 0.429 = moles of COs, 


weight of COg = number of moles of CO2g X weight of one mole of COg 
12.0 
= 58.0 x 44.0 = 18.9 gm of COg. 
Note the equivalence of this procedure (the “mole method”) to the so-called 
“proportion method.” Following the latter we would write 


2CO + O2 = 2COQOz, 
12.0 weight of COg 


} 


2 (28.0 meee 0 
; 12.0 
weight of CO, = 380 <x 44.0 = 18.9 gm 


for no apparent reason other than that it produces the correct answer. The 
“mole method” is preferable because in its algebraic statements it uses informa- 
tion derived directly from the principle of atom conservation (1.e., the moles of 
CO equal the moles of CO», because both contain the same number of carbon 
atoms). This advantage becomes more apparent as the problems become more 
difficult. 

Another advantage of solving stoichiometric problems in terms of moles is 
found if we ask for the weight of oxygen consumed in the above reaction. 
Reference to the chemical equation shows that the number of moles of oxygen 
consumed is just one-half the number of moles of carbon monoxide used. 
Therefore 


moles of O2 = 4 X moles of CO 
= 4(0.429) = 0.214 moles, 
weight of oxygen = 32.0 gm/mole X 0.214 moles = 6.85 gm. 


This procedure is more efficient than setting up a new proportion involving, 
this time, oxygen and carbon monoxide. Since the stoichiometric coefficients 
in a chemical equation are generally small integers (in this case 1 and 2), the 
number of moles of one substance can be found from the number of moles of 
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another by a simple multiplication involving the ratio of small integers. The 
number of moles of any substance can, at any time, be converted to the cor- 
responding weight by multiplication by the weight of one mole. 

The utility of the mole concept is further illustrated by the problem of deter- 
mining the empirical formulas of compounds. The empirical formula expresses 
only the relative numbers of atoms of each element, and implies nothing about 
how many atoms are actually in one mole of compound. Empirical formulas 
are found experimentally by measuring the weights of the elements necessary 
to synthesize a certain amount of the compound, or alternatively by analyzing 
a sample of the material for the weights of its constituents. The results of such 
determinations are often expressed as composition in percent by weight. For 
example, a certain sulfide of iron contains 46.5% iron and 53.5% sulfur by 
weight. The problem of converting these data to an empirical formula is easily 
solved 1f we remember two things: empirical formulas represent relative num- 
bers of atoms of the elements, and anything we can say about relative numbers 
of atoms may be said for relative numbers of moles of atoms. A calculation of 
the relative number of moles of tron and sulfur will therefore lead us to the 
empirical formula. 

The relative numbers of moles of atoms can be found if we imagine we have 
one gram of the iron sulfide. Then we have 


1.00 X 0.465 = 0.465 gm of iron, 
1.00 X 0.535 = 0.535 gm of sulfur, 
which is Just 
0.465 gm 


Erigrpin ole = moles of iron = 0.00833 moles 


and 


0.535 gm | - 
32.1 gm/mole moles of sulfur = 0.0166 moles. 


The relative number of moles, and of atoms, is just 


moles Fe 0.00833 atoms Fe 1 


molesS 0.0166 atomsS ~~ 2 


The empirical formula of the sulfide is FeSg. 

In the foregoing we have emphasized the relationship between the weight of 
a substance and the corresponding number of moles. Weighing is not the only 
method by which we can count molecules. Avogadro’s law states that under 
conditions of constant temperature and pressure, equal volumes of gases con- 
tain equal numbers of particles. Experimental investigations show that at one 
atmosphere pressure and a temperature of 273.1°JX (conditions known as 
standard temperature and pressure, STP), one mole of any gas occupies a 
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volume which is very close to 22.4 liters. Therefore, the number of moles in any 
gas sample can be found by comparing its volume under standard temperature 
and pressure conditions with 22.4 liters. We have then 


volume under STP conditions 
volume of one mole under STP conditions 
_ V(STP) liters 
~ 22.4 liters/mole 


moles of gas = 


To illustrate the use of the standard molar volume in stoichiometric ealcula- 
tions let us consider the thermal decomposition of potassium chlorate, KCI1Os, 
according to the equation 


KC1O3(s) = KCl(s) + 20.(g). 


A certain sample of IXCIO3 when decomposed yielded 637 cubic centimeters 
(ec) of oxygen gas, measured at 273°IX and one atmosphere pressure. Our 
object is to find the original weight of the KCIlO3 and the weight of the KCl 
produced. Remembering that there are 1000 cc in 1 liter, we can immediately 
calculate that the number of moles of oxygen produced is 


0.637 liter 


22.4 liters/mole Pian aecistaeeo! 


moles of Oo = 


From the number of moles of oxygen we can calculate the number of moles 
of potassium chlorate by means of an equation of atom conservation. By 
recognizing that the numbers of oxygen atoms in the IXC1IO3 consumed and the 
O», produced are the same we can write 


oxygen atoms in reactant = oxygen atoms in product, 
3 X moles of KCIO3 = 2 X moles of Ono, 


since IKXClO3 and Oy» contain, respectively, 3 and 2 atoms per chemical unit. 
We can reach the same expression by a different path. The chemical equation 
tells us that for each mole of potassium chlorate decomposed, $ moles of oxygen 
are produced. Therefore the number of moles of potassium chlorate multiplied 
by 3 must equal the number of moles of oxygen. Thus 


3 x moles of KCIO3 = moles Oz, 


which is, apart from the transposition of the 2, the same as the equation derived 
from the atom conservation principle. Proceeding, we write 


moles of KClO3; = % X moles of O2 
2 x 0.0284 = 0.0189. 
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Since the formula weight of XClO3 is 122.5, we find 


weight of IKCIO3 = moles of KClOg & formula weight 
= (0189 <x 122:5 
= 2.32 gm. 


lurthermore, since the numbers of moles of KC1lO3 and KCl are equal, 


weight of KC] = 0.0189 x 74.55 
— es ae 


where 74.55 1s the formula weight of IXCl. 

The procedure used for solving nearly every stoichiometric problem is to 
set up an equation based on atom conservation (or mole balance) and apply 
to it the expression which relates the number of moles to the weight and molec- 
ular weight of the substances involved. However, an appreciation of this 
procedure and the ability to use it come only from experience. Therefore we 
will end our discussion with a series of examples typical of problems encountered 
in chemical practice. 


Example 1.1 A sample of pure calcium metal weighing 1.35 gm was quantitatively 
converted to 1.88 gm of pure CaO. If the atomic weight of oxygen is taken to be 16.0, 
what is the atomic weight of calcium? 

The formula of calcium oxide tells us immediately that 


moles O = moles Ca, 


1.88 — 1.35 
160 —simeies © — 0.033; 
ico 


Coca oies C8 atomic weight of Ca’ 


eT 0) 


0.033 


atomic weight of Ca 


Example 1.2 In the gravimetric determination of phosphorus, an aqueous solution of 
dihydrogenphosphate ion, H2POjq, is treated with a mixture of ammonium and mag- 
nesium ions to precipitate magnesium ammonium phosphate, MgNH4PQ,- 6H20. 
This is heated and decomposed to magnesium pyrophosphate, Mg2P207, which is 
weighed. he reactions are 


HePO; + Mgtt++ NH} + 6H20 = MgNH4P0O.- 6H20-+ 2Ht, 
2MgNH4PO04-6HeO = MgeP207+ 2NH3+ 13H20. 


A solution of H2POz yielded 1.054 gm of MgeaP207. What weight of NaH2PO4 was 
present originally? 
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The answer comes immediately if we apply the principle that the number of phos- 
phorus atoms (or the number of moles of phosphorus) is conserved. Thus 


moles of P = moles of NaH2PO4 = 2 X moles of MgeP20;, 





moles of MgaP207 = 


Therefore, 
moles of NaH2POs = 2 X 0.004737 = 0.009474, 
weight of NaHoaPOy = 0.009474 & 119.9 = 1.136 gm. 


I 


Regardless of the number of reactions which lead from reactant to product, 
the reacting weights of the reagents are related by the principle of atom con- 
servation. It 1s not even necessary to know the sequence of reactions, as we 
demonstrate in the next example. 


Example 1.3 A sample of K2CO3 weighing 27.6 gm was treated by a series of reagents 
so as to convert all of its carbon to KeZn3[Fe(CN)g¢l2. How many grams of this 
product were obtained? 

Since all the carbon in the reactant is found in the product, the number of moles of 
carbon is conserved. Moreover, each mole of KoZn3[Fe(CN) glo contains 2 X 6 = 12 
moles of carbon atoms, so we can write 


moles of carbon = 12 X moles of KoZn3[Fe(CN)elo 





27.6 
= moles of KeaCO3 = 738 | 
Thus 
moles of KeCO3 = 12 X moles of KeZn3[Fe(CN)ele, 
Zi Onn 12x weight of KoeZn3[Fe(CN) 6] 
138 698 : 


weight of KoZn3[Fe(CN)6le = 11.6 gm. 


The empirical formulas of compounds of hydrogen and carbon are found by 
combustion analysis, as we illustrate next. 


Example 1.4 One gram of a gaseous compound of carbon and hydrogen gives upon 
combustion 3.30 gm of carbon dioxide and 0.899 gm of water. What is the empirical 
formula of the compound? 

The empirical formula is the simplest set of whole numbers which expresses the 
relatwe numbers of atoms in the compound. The relative numbers of atoms are the 
same as the relative numbers of moles of each element, and hence we can proceed as 
follows: The formula of carbon dioxide is COeg, so the number of moles of carbon 
dioxide is equal to the number of moles of carbon in the sample of the compound. 
The formula of water is H2O; thus two times the number of moles of water is equal 
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to the number of moles of hydrogen atoms in the sample. The algebraic expressions 
of these facts are 


3:30 
les of C = les UG 
moles o moles of CO» rE, 0.0750, 
moles of H = 2 X moles of HoO = 2 — = (0.099, 


6 
atoms of C _ moles oe 0.075 3 
atomsof H molesof H 0.099 4 


The empirical formula of the compound is C3H4. One molecule of the compound 
might have the formula C3H4 or CeHs or some higher multiple. The molecular weight 
of the compound must be found before its molecular formula can be determined. 

In a separate experiment, the density of a gaseous sample of the compound is 
found to be 1.78 gm/liter under conditions of standard temperature and pressure. 
The volume of one mole of any gas is, under these conditions, 22.4 liters, so we find 
that the molecular weight of the unknown is 


1.78 gm/liter X 22.4 liters, mole = 39.9 gm/mole. 


Since the molecular weight is 40, the molecular formula must be C3H4. This gas is 
methyl acetylene, usually written CH3CCH. 


Example 1.5 One volume of a gaseous compound of hydrogen, carbon, and nitrogen 
gave upon combustion 2 volumes of COg, 3.5 volumes of H2O, and 0.5 volume of No, 
all measured at the same temperature and pressure. What is the empirical formula of 
the compound? Can the molecular formula be found from these data? 

This problem requires a direct application of Avogadro’s principle: under the same 
conditions of temperature and pressure, equal volumes of gases contain the same 
number of molecules. Noting that each nitrogen molecule contains two nitrogen 
atoms, and each water molecule two hydrogen atoms, we find that the relative num- 
bers of carbon, hydrogen, and nitrogen atoms in the unknown are 


aM = welume of COo:2 X volume of HeO:2 X wolume of No = 2:7:1 


The empirical formula is CoH;N. This is also the molecular formula, since the data 
tell us that in one volume (or z moles) of compound, there are enough carbon atoms 
to make 2 volumes (or 2x moles) of CO2. Thus each mole of unknown contains two 
moles of carbon, and no more. The compound referred to is ethyl amine, more com- 
monly written CH3CHeN Ho. 


Example 1.6 A carefully purified sample of potassium chlorate, KClO3, weighing 
4.008 gm, was quantitatively decomposed to 2.438 gm of potassium chloride, KCl, 
and oxygen. The potassium chloride was dissolved in water and treated with a silver 
nitrate solution. The result was a precipitate of silver chloride, AgCl, weighing 
4.687 gm. Under further treatment the silver chloride was found to contain 3.531 gm 
of silver. What are the atomic weights of silver, chlorine, and potassium relative to 
O = 15.999? 
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This problem will require several steps, so it 1s advisable to plan our procedure. 
Examination of the equations 


KCIO3 = KCI + 302, Cl- + Agt = AgCl 


shows that if we knew how many moles of KCl were produced, we would in turn know 
the number of moles of silver chloride and silver involved. Knowing the number of 
moles of silver and its weight, we ean ealeulate its atomie weight. This ts our first 
objective. Then, from the atomie weight of silver, the wetght, and the number of 
moles of silver chloride, we ean find the atomie weight of chlorine. Fimally, the number 
of moles of potassium chloride, its weight, and the atomic weight of chlorine suffice 
to caleulate the atomie weight of potasstum. This whole plan is based on the expres- 
sion moles = weight/molecular weight, and the realization that two of these quantities 
are required to ealeulate the third. 

Let us put the plan into effeet. Sinee oxygen is the only element whose atomic 
weight is known, we must use a relation involving it to find the number of moles of 
KCl. From the first chemical equation we see that 


3X moles of KCl, 
weight Oo _ 4.008 — 2.438 
molecular weight of Oz 7 31.998 


moles-of KCl = 01032717 


moles of Oo 


= 0.04907 = =X moles of KCl, 


By the second equation, 


moles of KCl = moles Ag, 


3.00 | 
atomic weight of Ag 


0.03271 


atomic weight of Ag = 107.9. 


Also 
moles of KCl = moles AgCl, 
= 4.687 
OREM ae formula weight of AgCl | 


143.3 


formula weight of AgCl 


The atomic weight of chlorine can now be found from the formula weight of silver 
chloride and the atomic weight of silver: 


atomic weight of Cl = 143.3 — 107.9 = 35.4. 
Finally 


2.438 
formula weight of KCl 


74,53, 
atomic weight of K = 74.53 — 35.4 = 39.1. 


moles KCl = 0.03271, 


formula weight of KCl 


This problem, though lengthy, required no new principles. The ability to 
proceed in an orderly fashion through an involved problem follows from a 
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thorough understanding of the relation between number of moles, weight, and 
molecular weight. 

A rather tricky type of problem, easily solved by the atom conservation 
principle, involves the reaction of a mixture of substances to give a single 
product. 


Example 1.7 A 1.000-gm mixture of euprous oxide, Cu20O, and cuprie oxide, CuO, 
was quantitatively reduced to 0.839 gm of metallic copper. What was the weight of 
CuO in the original sample? 

The key to this problem is to make use of the faet that copper atoms are conserved. 
Letting the weight of CuO equal w, and the weight of CueO equal 1.000 — w, we have 


moles of Cu in oxides = moles of metallic Cu, | 

moles of CuO + 2X moles of Cu2O = moles of Cu, 
ee ly 
formula weight of CuO formula weight of Cu20 

0.839 

— a ad = ‘on : f Cc ° 

atomie weight of Cu ag) ECC 

A very similar problem involves the reaction of a mixture of metals with 

hydrogen ton, as in the next example. 


Example 1.8 A mixture of aluminum and zine weighing 1.67 gm was eompletely dis- 
solved in aeid and evolved 1.69 liters of hydrogen, measured at 273°K and 1 atm 
pressure. What was the weight of aluminum in the original mixture? 
From the equations 
Zn -+ 2H* = Znt*-+ Hoa, 


Al+ 3H+ = Al*#-+ 3Hp, 
we see that from one mole of zine we get one mole of hydrogen gas, while one mole of 


aluminum gives $ moles of hydrogen. ‘Thus, for the moles of hydrogen formed we 
can write 


moles of Zn + $ moles Al = moles of Ho. 


Then, if w equals the weight of Al, 





J } w = 1.24 gm of Al. 


1.6 CONCLUSION 


In this chapter we have exposed the chemical basis for our belief in the atomic 
theory of matter, and shown how to use the relation between weight and 
number of atoms to do stoichiometric calculations. We have stressed the con- 
cept of the mole, for this is the fundamental unit used in dealing with all prop- 
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SUGGESTIONS 


PROBLEMS 
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erties of collections of molecules. A thorough understanding of the mole 
concept is absolutely essential to the study of chemistry, and the stoichiometric 
calculations we have discussed, together with the problems at the end of this 
chapter, provide an immediate opportunity to test one’s understanding of this 
important idea. 

Apart from the factual and mathematical aspects of atomic weights and the 
atomic theory, there are a number of illustrations of important scientific prin- 
ciples in this chapter. The story of how the atomic weight scale was developed 
shows how scientific ideas are generated. Many experiments are done, and com- 
parison of the results allows formulation of empirical laws which have a validity 
limited by the accuracy of the experiments and the variety of situations in- 
vestigated. An attempt to find a unified explanation of a number of experi- 
meutal laws leads to a theory. In the devclopment of a theory there may be 
ideas advanced that are incorrect and which must be modified or removed as 
more experiments are done. It is at this stage that a dispassionate evaluation 
of existing experimental data and the execution of decisive experiments 1s most 
important. It is a rare event when the results of only one experiment are enough 
to bring the acceptance or rejection of a theory as a whole. Therefore, our 
firm acceptance of scientific ideas of great scope, such as the atomic theory, 1s 
generally based on the existence of an overwhelming collection of experimental 
results that individually do not prove, but are consistent with, the theory. We 
shall find further illustrations of these points in subsequent chapters. 


FOR FURTHER READING 


Beveridge, W. I. B., The Art of Sctenttfic Investigation. New York: Random House, 
1961. 


Cragg, L. H., and R. P. Graham, An Introduction to the Principles of Chemistry. New 
York: Rinehart and Co., 1954. 


Kieffer, W. F., The Mole Concept in Chemistry. New York: Reinhold, 1962. 


Nash, L. K., The Atomic-Molecular Theory. Cambridge, Mass.: Harvard University 
Press, 1950. 


Nash, L. Kk., Stowchtometry. Reading, Mass.: Addison-Wesley, 1966. 


Partington, J. R., A Short History of Chemistry. New York: Harper and Brothers, 
1960. 


1.1 An oxide of antimony ts found to contain 24.73% oxygen. What is its empirical 
formula? 


1.2 When 0.210 gm of a compound containing only hydrogen and carbon was burned, 
0.660 gm of CO2g was recovered. What is the empirical formula of the compound? 
A determination of the density of this hydrocarbon gave a value of 1.87 gm/Hhter at 
273.1°K and I atm. What is the molecular formula of the compound? 
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1.3 A sample of europium dichloride, EuCle, weighing 1.00 gm is treated with excess 
aqueous silver nitrate, and all the chloride is recovered as 1.29 gm of AgCl. What is the 
atomic weight, of europium? 

1.4 A sample of an oxide of iron weighing 1.60 gm was heated in a stream of hydrogen 
gas until it was completely converted to 1.12 gm of metallic iron. What is the empirical 
formula of the iron oxide? 


1.5 When barium bromide, BaBrg, is heated in a stream of chlorine gas, it is completely 
converted to barium chloride, BaCle. From 1.50 gm of BaBrg just 1.05 gm of BaCle 
is obtained. Calculate the atomic weight of barium from these data. 


1.6 A 0.578-gm sample of pure tin is treated with gaseous fluorine until the weight 
of the resulting compound is constant at a value of 0.944 gm. What is the empirical 
formula of the tin fluoride formed? Write an equation for its synthesis. 


1.7 A certain metal forms two chlorides which contain 85.2% and 65.8% of the metal. 
(a) Show that these compounds are consistent with the law of multiple proportions. 
(b) What are the simplest formulas of the compounds, and what is the corresponding 
atomic weight of the metal? (c) Considering the other possible formulas, what other 
atomic weights are possible? (d) Refer to the periodic table and determine the atomic 
weight of the metal. 


1.8 From the following isotopic masses and abundances calculate the atomic weight 
of magnesium. 


Isotope Abundance Mass 
24 78.60% 23.993 
Zo 10.11% 24.994 
26 11.29% 25.991 


1.9 A sample of a metal oxide weighing 7.380 gm is decomposed quantitatively to 
give 6.840 gm of the pure metal. The specific heat of the metal is found to be 
0.0332 cal/gm. Calculate the accurate atomic weight of the metal, and the empirical 
formula of the oxide. 


1.10 By measuring the density of a certain elemental gas at several pressures, the val- 
ue of 1.787 gm/liter was found for the ideal density at l-atm pressure and 273.1°K. 
The ideal density of oxygen gas under the same conditions is 1.428 gm/liter. What is 
the molecular weight of the unknown gas? Consult the periodic table for “gaps” at 
appropriate fractions of this molecular weight, and construct an argument that this 
element does not exist as a diatomic or polyatomic molecule. Is this molecular weight 
an atomic weight? 


1.11 Equal weights of zinc metal and iodine are mixed together and the iodine is 
completely converted to Znlg. What fraction by weight of the original zinc remains 
unreacted? 


1.12 A 4.22-gm sample of a mixture of CaCle and NaCl was treated to precipitate 
all the calcium as CaCO3, which was then heated and converted to pure CaO. The 
final weight of the CaO was 0.959 gm. What was the percentage by weight of CaCle 
in the original mixture? 

1.13 An alloy of aluminum and copper was treated with aqueous HCl. The aluminum 
dissolved according to the reaction Al-+ 3H+ — Alt -+ 2He, but the copper re- 
mained as the pure metal. A 0.350-gm sample of the alloy gave 415 ce of H2 measured 
at 273.1°K and l-atm pressure. What is the weight percentage of Al in the alloy? 


PROBLEMS 


a2 


a2 


1.14 A sample of pure lead weighing 2.07 gm is dissolved in nitric acid to give a 
solution of lead nitrate. This solution is treated with hydrochloric acid, chlorine gas, 
and ammonium chloride. The result is a precipitate of ammonium hexachloroplumbate, 
(NH4)2PbCls. What is the maximum weight of this product that could be obtained 
from the lead sample? 


1.15 A 0.596-zm sample of a gaseous compound containing only boron and hydrogen 
occupies 484 cc at 273.1°K and l-atm pressure. When the compound was ignited in 
excess oxygen all its hydrogen was recovered as 1.17 gm of H2O, and all the boron 
was present as B2O3. What is the empirical formula, the molecular formula, and the 
molecular weight of the boron-hydrogen compound? What weight of B2O3 was 
produced by the combustion? 


1.16 A sample of an unknown oxide of barium gave upon exhaustive heating 5.00 gm 
of pure BaO and 366 ce of oxygen gas measured at 273.1°K and j-atm pressure. What 
is the empirical formula of the unknown oxide? What weight of oxide was present 
initially ? 

1.17 A mixture of KBr and NaBr weighing 0.560 gm was treated with aqueous Agt 
and all the bromide ion was recovered as 0.970 gm of pure AgBr. What was the 
fraction by weight of KBr in the original sample? 
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CHAPTER 2 


THE PROPERTIES 
OF GASES 





Our diseussion in Chapter 1 showed how important the study of gases was to 
the development of the atomic theory. An understanding of gaseous behavior 
is a fundamental part of modern ehemistry as well. Aecording to Avogadro’s 
prineiple, measuring the volume of a gas is equivalent to eounting the number 
of moleeules in that volume, and the importanee of this type of measurement 
eannot be overemphasized. Moreover, many industrially important elements 
and eompounds are gases under the eonditions of use. But quite aside from the 
historieal or practieal importance of gases, there is another reason for studying 
them. The business of the ehemist is to relate the properties of matter in bulk 
to the properties of individual moleeules. The kinetie theory of gases is a most 
satisfaetory example of the successful explanation of maeroseopie phenomena 
in terms of moleeular behavior. By pursuing the mathematieal consequenee of 
the faet that a gas eonsists of a large number of partieles that eollide with the 
walls of a eontaining vessel, it is possible to derive Boyle’s law, and to gain a 
more thorough understanding of the eoncept of temperature. By trying to 
aeeount for the failure of gases to obey Boyle’s law exaetly, we can learn about 
the sizes of moleeules and the forees whieh they exert on each other. Thus the 
study of this simplest state of matter can introduee us to some of the most 
universally useful eoneepts of physical seienee. 
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FIG. 2.1 
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In general, the volume of any material, solid, liquid, or gas, ts determined by 
the temperature and the pressure to which it is subjected. A mathematical 
relationship exists between the volume of a given amount of material and the 
values of the pressure and temperature; this mathematical relation 1s called an 
equation of state and can be written symbolically as 


a= VCE ieee 


This equation ts read: V ts some function of temperature, pressure, and the 
number of moles of material. In the case of liquids or solids, equations of state 
may be algebraically very complicated, and may differ considerably tn algebraic 
form from one substance to another. Gases are unique, however, in that the 
equations of state of all gases are very nearly the same. We shall see later that 
this stmplification ts due to the fact that tn the gaseous state molecules are 
essentially independent of one another, and that consequently the detarled 
nature of individual molecules does not strongly affect the behavior of the gas 
as a Whole. For the present, however, we will address ourselves to the problem 
of the determination and expression of the gaseous equation of state. 

Inevitably the determination of an equation of state for gases involves a 
measurement of pressure, or the force per unit area, which a gas exerts on the 
walls of the containing vessel. Commonly the pressure of gases ts expressed in 
units of atmospheres or millimeters of mereury, rather than m units which are 
more obviously related to force and area. In order to establish the relation 
between the atmosphere or millimeter as pressure units and the more funda- 
mental idea of force per unit area, we need only examme how pressure 1s 
measured experimentally. 


A mercury barometer. The atmospheric pressure 
is proportional to the height h. 
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The force per unit area exerted by the earth’s atmosphere ts commonly 
measured by the device called a barometer, shown in Fig. 2.1. The vertical 
tube contaming mercury is completely evacuated of all gases, except for a very 
small amount of mercury vapor. The height of the column of mercury above 
the lower mercury surface 1s determined by the requirement that the force per 
unit area due to mercury in the column be equal to the force per unit area 
exerted by the surrounding atmosphere on the mercury surface. Under ordinary 
atmospheric conditions at sea level this height is in the neighborhood of 
760 millimeters (mm). Therefore, the arbitrary definition is made that one 
standard atmosphere corresponds to 760 mm of mercury, when the mercury 
is at O°C. 

Let us now calculate what one atmosphere is when expressed in terms of 
force per unit area. Consider a barometer tube whose cross-sectional area Is 
lem’. Then the force exerted by the mercury column on this area is equal to 
the mass of the mercury in the tube times the acceleration due to gravity. In 
turn, the mass of mercury tn the tube ts the volume of mercury times the density 
of mercury at 0°C. We have then 


force = mass X acceleration 
= density of Hg < height < area X acceleration 
= 13.59 gm/em® X 76.00 em X 1.000 em? X 980.7 cm/sec? 
— 1.013 x 10° gm-em/sec? = 10.13 kgm m/sec? 
= 1.013 x 10° dynes = 10.13 newtons. 


This is the force exerted by a column of mercury 760 mm high and of 1-cm? 
cross sectional area. Therefore, it is also the force per unit area (one square 
centimeter) that corresponds to one atmosphere pressure. We have, then, that 


1 atm = 760.0 mm of mercury 
= 1.013 x 10° dynes/em? = 1.013 x 10° newtons/m? 


Increasingly, the awkward unit “mm Hg” ts being replaced by its equivalent, 
the torr (after Torricelli, inventor of the barometer). Thus in practical laboratory 
work, pressure is most often measured and expressed in torr or millimeters of 
mercury, but for calculational purposes it is frequently convenient to use units 
of atmospheres. Recently, SI (System Internationale) units have come into 
frequent use, particularly in Europe. In this system, the unit of pressure is 
the newton per square meter, and one newton per square meter 1s called a Pascal 
(abr. Pa). Thus we see that 


1 atm = 1.013 x 10° N/m? 
= 1.013 x 10° Pa. 
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FIG. 2.2 


Boyle’s Law 
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Although we shall not make extensive use of SI units in this book, it 1s important 
to become familiar with them, since they will be found with mncreasing frequency 
in the scientific literature as time passes. 


A U-tube employed in demonstrating Boyle’s law. 





The mathematical relation that exists between the pressure and volume of a 
fixed amount of gas at a fixed temperature was discovered by Robert Boyle mn 
1662. Boyle trapped a quantity of air mm the closed end of a U-tube, using 
mercury as the containing fluid, as shown in Iig. 2.2. In this type of experiment, 
the pressure that exists in the closed tube ts equal to the pressure of the atmo- 
sphere plus the pressure exerted by the column of mercury of height h. By 
pouring mercury into the longer tube the pressure on the gas can be increased, 
and the corresponding decrease in the gas volume noted. Boyle discovered that 
the product of the pressure and the volume of a fixed amount of gas was of 
approximately constant value. He also noted that warming a gas increased its 
volume when the pressure was kept constant. However, he did not investigate 
this phenomenon further, possibly because the idea of temperature was not well 
defined at the time. Nevertheless, Boyle’s observation of the qualitative effect 
of warming a gas was important, because 1t showed that in order to make 
meaningful determinations of the relation between pressure and volume, the 
temperature of the surroundings had to be kept constant during the experiment. 

Very often in experimental investigations data are obtained as sets of numbers 
(such as simultaneous values of P and V) which depend on each other in some 
unknown way. A very useful and convenient technique for discovering the 
relationship between a series of simultaneous values of pressure and volume is 
to plot the data on a rectangular coordinate system having pressure and volume 
as coordmate axes. A smooth curve that passes through the experimentally 
determined points may then indicate the mathematical connection between the 


THE PROPERTIES OF GASES 2.4 





two variables. Figure 2.3 shows some experimental data plotted in this manner. 
The curve generated by the data appears to be a rectangular hyperbola with the 
coordinate axes as asymptotes. Since the algebraic equation which corresponds 
to a hyperbola is known to have the form zy = constant, we can deduce that 
for a fixed amount of gas at a constant temperature, PV = constant, which is 
in fact Boyle’s law. Repeating the experiment at a series of different tempera- 
tures generates a family of hyperbolas, each characteristic of a particular value 
of the temperature. Since the temperature is a constant along each line, these 
curves are called isotherms. 






ad 
a 


T =273°K 


Pressure (atin) 


Pressure-volume isotherms for an ideal gas. 
0 20 3840 60 §0 100 = 120 
Volume (liters) 
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= 
a 


= 
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Pressure of an ideal gas as a function 
of reciprocal volume. 


& 
© 
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Plotting the pressure as a function of the volume is often a useful way of 
representing the behavior of a gas, but it has the disadvantage that it is difficult 
to tell by using the eve how close to a perfect hyperbola each experimental 
curve is. Consequently, it is difficult to tell whether a gas obeys Boyle’s law 
exactly or Just approximately. This problem can be solved by plotting pressure 
as a function of the reciprocal of the volume, as shown in Fig. 2.4. Since Boyle’s 
law can be written as 
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FIG. 2.3 


FIG. 2.4 
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FIG. 2.5 


where k»,,4 18 a constant whose value depends on temperature and the amount 
of gas, a gas that obeys Boyle’s law should give a straight line when pressure 
is plotted as a function of the reciprocal of the volume. Since deviations from 
a straight line are readily detected by eye, it is easy to tell how closely a gas 
follows Boyle’s law, by plotting the data in this manner. 


22.6 
= 
x —_—_ ——— OO 
Pressure-volume product as a func- : 22.4 
tion of pressure for an ideal gas. x 
= 22.2 
a 
fe Ont 0.2 j:3 


Pressure (atm) 


Another even more useful way of treating such experimental data is to plot 
the product of pressure and volume as a function either of pressure or the recip- 
rocal of volume. Figure 2.5 shows that the result of this plot should be a straight 
line of zero slope for a gas that follows Boyle’s law exactly. The experimental 
data show that gases do in fact obey Boyle’s law quite closely over the range of 
pressures investigated. Any deviations are due to the forces which molecules 
exert on each other, and tend to vanish as the density of the gas becomes small. 
In the limit of very low pressure, all gases obey Boyle’s law exactly. 


The Law of Charles and Gay-Lussac 
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When the dependence on temperature of the volume of a gas at fixed pressure 
is investigated experimentally it is found that the volume increases linearly 
with increasing temperature. This relation 1s known as the law of Charles and 
Gay-Lussac, and can be expressed algebraically as 


= Wal eee 


Here V is the volume of a fixed amount of gas at constant pressure, V9 1s the 
volume it occupies at the temperature of zero degrees on the celsius scale, @ is 
a constant that has the value of approximately 54, for all gases, and ¢ is the 
temperature on the celsius scale. This equation states that the volume of a gas 
increases linearly with its temperature. That this statement can be made as an 
experimental fact implies that we have some previous knowledge of how to 
measure temperature. 

Common experience provides us with a qualitative concept of temperature. 
To create a quantitative temperature scale we must select some easily measur- 
able property of matter that depends on what we recognize as “hotness,” and 
define temperature in terms of the value of this property. The most familiar 
thermometric property is the length of the column of mercury that extends 
into a capillary tube from an otherwise closed bulb. The position of the mercury 
meniscus can be marked when the bulb of this thermometer is immersed in an 
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ice-water mixture, and when it 1s surrounded by the vapor of boiling water at 
onc atmosphere pressure. These two positions ean be arbitrarily defined as 
0- and 100-degree points respectively. The distanee between these two marks 
can then be divided by 99 equally spaced lines and a working temperature 
scale created. 

The division of the scale into equal units is very significant, for by so doing 
we say that temperature 1s something that znereases linearly with the length of 
the mereury eolumn. The same procedure could be followed using some other 
working liquid, such as alcohol, to make a second thermometer. If these two 
different thermometers were both placed in the same water-ice bath, they would 
both read zero degrees. If both were placed in the vapor of boiling water, they 
would read 100 degrees. However, if they were both placed in the same room 
where the mercury thermometer read exactly 25 degrees, the alcohol thermom- 
eter would indicate a temperature slightly different from 25 degrees. This 
behavior would, in general, be repeated at any other temperature on the scale 
except for the calibrating points of 0 and 100 degrees, since in order for the 
two thermometers to read the same at all temperatures, the equations of state 
of mercury and alcohol would have to be exactly the same. Due to the intrinsic 
differences in the molecular structure of the two liquids, these or any other pair 
of liquids do not expand by exactly the same amount for a given change in 
temperature. Consequently, if we wish to use a liquid to define our temperature 
scale, we must be careful to specify which liquid is being used. 

Tor gases, the temperature dependence of volume is considerably simpler 
than for liquids. Even without a temperature scale it 1s possible to determine 
that the volume of any gas at the temperature of boiling water is 1.366 times 
its volume at the tempcrature of an ice-water mixture. The important fact 
here is that the proportionality constant 7s the same for all gases. A similar 
measurement can be carried out in which the ratio of the volume of a gas at 
the boiling point of water to its volume at the boiling point of ether 1s measured. 
In this case the volume ratio is 1.295 for all gases. The fact that all gases behave 
the same when subjected to a given change in temperature suggests that the 
properties of gases should be used to define a temperature scale. That is Just 
what is done. The equation previously given as expressing the law of Charles 
and Gay-Lussac, V = Vo(1 + at), can be rewritten in the following way: 


,;—- 2 —vo_! (7. ui 1) | 
Voa a Vo 
The second equation can be interpreted as saying that there is such a thing as 
the temperature, ¢, which is a quantity that cnereases linearly with the volume 
of a gas, by definition. That is, the “law” of Charles and Gay-Lussac really 1s 
not a law, but is actually a definition of tempcrature. 
Actually, not all gases behave in exaetly the same way when their temperature 


is changed, but the differences diminish as the pressure is lowered, and are 
gencrally so slight as to be negligible in most instances. While gas thermometers 
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Table 2.1 Comparison of thermometers* 


Constant- Constant- 
volume volume Platinum 
hydrogen air resistance Mercury 
thermometer, thermometer, thermometer, Thermocouple, thermometer, 
t(P) t(P) t(R) t(emf) t(/) 
0 0 O 0 O 
20 20.008 20.240 Z0.150 20.091 
40 40.001 40.360 40.297 40.111 
60 59.990 60.360 60.293 60.086 
80 79.987 80.240 80.147 80.041 
100 100 100 100 100 


*After M. W. Zemansky, Heat and Thermodynamics. New York: McGraw-Hill, 1951. 


ean be used to define a temperature seale, other deviees whieh are more eon- 
venient to use are employed in praetieal temperature measurements. The 
resistanee of a platinum wire under a eonstant tension, and the voltage produced 
by a platinum-rhodium thermoeouple are useful thermometrie properties. In 
Table 2.1 these thermometers are eompared with two gas thermometers and a 
mereury thermometer. The hydrogen gas thermometer is eonsidered to define 
the seale, and the readings eaeh of the thermometers would show if immersed 
in various temperature baths are grven. These are the readings that would 
result in eaeh ease from using a seale obtained by dividing the ehange of the 
property being measured into 100 equal units between the freezing pomt and 
boiling point of water. The faet that all the thermometers do not read the same 
as the hydrogen gas thermometer merely indieates that resistanee, voltage, and 
liquid density do not ehange in a way whieh is strietly linearly related to 
temperature as defined by the hydrogen gas seale. 


The Absolute Temperature Scale 


40 


The relation between temperature and gaseous volume ean be simplified by 
defining a new temperature seale. Starting from Charles’ law we ean write 
l/a+t 

l/a 


Yor the ratio V;/Vz of the volume of gas at two different temperatures ¢; and 
to we get 


V = V,(1 + at) = Vo 


Vo lfat+te 


Sinee by direet experiment it is found that 1/a = 273.15 when ¢ is expressed 
in eelsius degrees, 


Vi Ifa + ty 


Vi 273.15 + ty 


— 


Ve =- 273.15 + te 
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The form of this equation suggests that it would be very convenient to define 
anew temperature scale by the equation 


T = 273.15 +t. (2.1) 


The temperature 7’ is called absolute temperature or the temperature on the 
kelvin scale, and 1s denoted by °IX. Using the kelvin scale, the relation between 
the temperature and volume for a fixed amount of gas at constant pressure 
assumes the very simple form 


va a 
Ve iT 
or 
a= constant. 222) 


i 


The impheation of this last statement is that the volume of a gas decreases 
as T’, the absolute temperature, decreases and would become zero when T = 0. 
This suggests that 7’ = O°IX or, by Eq. (2.1), t = —273.15°C is the lowest pos- 
sible temperature, since any lower temperature would correspond to a negative 
volume of gas. Actually at very low temperatures Eq. (2.2) cannot be tested 
experimentally, stnce all gases condense to liquids as the temperature approaches 
zero on the kelvin scale. Nevertheless, much more detailed arguments show 
that —273.15°C or O°IX is the lowest conceivable temperature, and that in 
practical experiments this lowest temperature cannot be reached, but only 
approached very closely. The lowest temperature which has been reached is 
generally acknowledged to be 0.0014°KX, although 0.0001°IX may have been 
attained in other less well-controlled experiments. 


The Ideal Gas Equation 


Experimental measurements have shown that at constant temperature, PV 1s 
a constant, and at constant pressure, V is proportional to T. We now wish to 
combine these relationships into one equation which expresses the behavior of 
gases. According to Boyle’s law 


jl) = UN) 


where C’(7, ) 1s a constant that depends on temperature and the number of 
moles of gas. From Charles’ law we know that at constant pressure, the volume 
of a fixed amount of gas ts directly proportional to the absolute temperature. 
Therefore, the dependence of C’(7, n) on temperature must be 


Cat). == Cond: 


where C(n) is a parameter that depends only on the number of moles of gas n. 


This must be true, since we can now write 


vo OO), (275) 
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which is consistent with both the laws of Boyle and of Charles. By a slight 
rearrangement of Iq. (2.3), we can write 


ae —— a OFC 


A gas that obeys this equation of state, which incorporates the laws of Boyle 
and of Charles and Gay-Lussae, 1s called an ideal gas. This result may also 
be written 
Pi Vie 
—__— = —_—- 2.4 
T. T, (2.4) 
Equation (2.4) is a symmetric form of the gas laws that 1s easy to remember. 
It can be used to calculate the volume V 2 of a gas under the arbitrary conditions 
P, and T’2 from a knowledge of its volume V at pressure P; and temperature 7}. 


Example 2.1 A certain sample of gas has a volume of 0.452 liter measured at 87°C 
and 0.620 atm. What is its volume at 1 atm and 0°C? 

Letting V; = 0.452 hter, P; = 0.62 atm, 7] = 273 4- 87 = 360° Kye oe — te 
and T’2 = 273°K, we find from Eq. (2.4) 


T 5) led 273 .. 0.620 
Vogel X T x eS O;452 X 360 x 1.00 
= (213 liter 


Rather than remember or refer to Eq. (2.4) it is often safer and simpler to proceed 
by an intuitive method. We know that since the final temperature is less than the 
initial temperature, we must multiply V, by a ratio of temperatures less than unity 
to obtain Vo: 


ZiS 
Vo2« Vy x 360 


Also, the final pressure is higher than the initial pressure. This must act to decrease 
the final volume, and we must multiply V; by a ratio of pressures less than unity to 
find Va. Thus 


21a ee. 020 
Ya= V1 360% 1.00” 


which is exactly the expression obtained by a mechanical use of Eq. (2.4). 


Earlier we remarked that measuring the volume of a gas at a known pres- 
sure and temperature is equivalent to counting molecules. Under conditions 
of constant temperature and pressure, the volume is proportional to the num- 
ber of moles of gas. Consequently, comparison of the volume of any sample of 
gas with the volume occupied by one mole under the same conditions tells us 
the number of moles or molecules in the sample. As we noted in Chapter 1, 
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it is found experimentally that one mole of any ideal gas occupies 22.414 liters, 
measured at l-atm pressure and 273.15°Ix. This volume is called the standard 
molar volume, and 273.15°K and l-atm pressure are called standard tempera- 
ture and pressure conditions (abbreviated STP). Therefore, to calculate the 
number of moles of gas in an arbitrary sample we write 


volume of gas 
volume of one mole 


_ V(STP) 


— ae ea i 


22.4 


where V(STP) is the volume in liters that the gas sample would occupy under 
standard pressure and temperature conditions. This volume, V(STP) can be 
calculated from the volume measured under any conditions of temperature and 
pressure by using Eq. (2.4). 

There is a somewhat more convenient method for calculating the number of 
moles of a gas in a sample having the volume V at the arbitrary pressure P 
and temperature 7. By Eq. (2.3) 


number of moles of gas = 


Py 
=7 Fos C(n), 


where C(n) 1s a constant that depends only on the amount of gas in the sample. 
We have already remarked that at constant pressure and temperature, volume 
is proportional to the number of moles of gas. Therefore, we can rewrite C(n) 
in terms of a new constant A and the number of moles of gas n: 


CO) — it. 
Consequently 
PV 
Ta nk, 
PV = nRT. (2.5) 


The constant R is known as the universal gas constant, and is independent 
of pressure, temperature, or the number of moles in the sample. If the numerical 
value of R were known, measurements of P, V, and 7’ could be used to cal- 
culate n, the number of moles of gas in any sample. 

We can evaluate AR from information already available to us. Since one 
mole of gas occupies a volume of 22.41 liters at l-atm pressure and 273.15°K, 
we can write 


_ (1 atm) (22.414 liters) liter-atm 


x (1 mole) (273.15 deg) Sees mole-deg 


Note that the numerical value of R depends on the units used to measure 
pressure, volume, and temperature. The expression PV = nFT is obeyed by 
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Dalton’s Law 


all gases in the limit of low densities and high temperatures— “ideal” conditions 
under which the forces between molecules are of minimum importance. Con- 
sequently, Eq. (2.5) 1s known as the perfect gas law, or the ideal gas equation 
of state. 


Example 2.2 Calculate the number of moles in a sample of an ideal gas whose volume 
is 0.452 liter at 87°C and 0.620 atm. 
In Eq. (2.5) we set P = 0.620 atm, V = 0.452 hter, and T = 360°K; 


_ PV _ (0.620) (0.452) 
~ RT ~~ (0.0821)(360) 


0.00948 mole. 


In Example 2.1 we found that the volume of this same sample of gas under conditions 
of standard temperature and pressure was 0.213 liter. Therefore we can also compute 
the number of moles by 


p= TE) _ O28 = 010095 mole: 


The use of the ideal gas equation of state 1s an alternative to the procedure of finding 
the gaseous volume under standard conditions and dividing by the standard volume 
of one mole. 


Suppose a mixture of two ideal gases, A and B, is contained in a volume V at 
a temperature 7. Then, since each gas is ideal, we can write 


fen hoe 
Pa= Nav? ALT aera 


That is, in the mixture each gas exerts a pressure that is the same as 1t would 
exert 1f it were present alone, and this pressure 1s proportional to the number 
of moles of the gas present. The quantities P4 and Pg, are called the partial 
pressures of A and B respectively. According to Dalton’s law of partial pres- 
sures, the total pressure, P;, exerted on the walls of the vessel is the sum of the 
partial pressures of the two gases: 

P,= Pat Pp = (na +z) (4). 


The expression can be generalized so as to apply to a mixture of any number 
of gases. The result is 


P= DP Dn, (2.6) 
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Where 2 1s an index that identifies each component in the mixture and the 
symbol > ; stands for the operation of adding all the indexed quantities to- 
gether. Another useful expression of the law of partial pressures is obtained 
by writing 








ted & 
| a vy 
a ae ; Ny, 
Pang 
lag -_ Sng 


ea AS \. 
PA it (= ) Care 


The quantity n4/)>_; 7, is called the mole fraction of component A, and Eq. 
(2.7) says that the partial pressure of any component, such as component A, 
is the total pressure of the mixture multiplied by n4/>°; nj, the fraction of the 
total moles which are component A. 


) 


Use of the Gas Laws 


It is essential for every chemist to have a thorough understanding of the gas 
laws and to be able to apply them to a variety of problems. The following 
examples are chosen to illustrate the ways in which the gas laws are used in 
chemical practice. 


Example 2.3 An ideal gas at l-atm pressure was contained in a bulb of unknown 
volume V. A stopeoek was opened which allowed the gas to expand into a previously 
evacuated bulb whose volume was known to be exaetly 0.500 liter. When equilibrium 
between the bulbs had been established, it was noted that the temperature had not 
ehanged, and that the gas pressure was 530 mm. What is the unknown volume, V, 
of the first bulb? 

Sinee the gas is ideal and the temperature constant, we ean use Boyle’s law: 


PiV, = PeVa, 
760V 530(0.5 + Vj), 
Vy felo iter: 


ll 


The ideal gas equation can be used to help calculate molecular weights from 
gas density measurements, which we illustrate next. 


Example 2.4 It is found that 0.896 gm of a gaseous eompound containing only 
nitrogen and oxygen oeeupies 524 ee at a pressure of 730 mm and a temperature of 
28.0°C. What is the molecular weight and moleeular formula of the gas? 

The molecular weight can always be calculated from a knowledge of the number 
of moles which correspond to a given weight of material. In this problem, the number 
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of moles of the gas ean be found by using the ideal gas equation of state: 


_ PV _ Geo) (Fee) 


ee ESivinie ies 
Rr (O82) G0) mee 





n 


Sinee the units of the gas eonstant are liter-atmospheres per mole-degree, eare has 
been taken to express the measured pressure, volume, and temperature in units of 
atmospheres, liters, and degrees kelvin, respeetively. The moleeular weight of the gas 
ean now be found to be 


0.896 
0.0204 = 43.9 gm/mole. 


The only combination of the atomie weights of nitrogen and oxygen whieh adds to 
44 is 2 X 14 + 16, which means the moleeular formula of the gas is N2O. 


The following is a simple illustration of the use of Dalton’s law of partial 
pressures. 


Example 2.5 ‘The valve between a 5-liter tank in whieh the gas pressure is 9 atm 
and a 10-liter tank eontaining gas at 6 atm is opened, and pressure equilibration 
ensues at a constant temperature. What is the final pressure in the two tanks? 

Let us imagine the gases in the two tanks to be distinguishable, and call them 
eomponents a and 6. Then, when the econneeting valve is opened, eaeh expands to 
fill a total volume of 15 liters. The partial pressures of the two eomponents after the 
expansion are 

Se, 10 X 6 


P, = 5. 3 atm, Py = is 4 atm. 





Aeeording to the law of partial pressures, the total pressure is 


P= Pee ee 3 | — 7 Alin. 


Our final example combines the use of Dalton’s law and the ideal gas equation 
of state. 


Example 2.6 A sample of PCls5 weighing 2.69 gm was placed in a 1.00-liter flask and 
eompletely vaporized at a temperature of 250°C. The pressure observed at this 
temperature was 1.00 atm. The possibility exists that some of the PCl5 may have 
dissoeiated aeeording to the equation 


PCls(g) = PCls(g) + Cle(g). 


What are the partial pressures of PCls5, PCl3, and Clo under these experimental 
eonditions? 

The solution to this problem involves several steps. In order to deeide whether 
the PCls has dissoeiated at all, let us first ealeulate the pressure whieh would have 
been observed tf no PCls had dissoeiated. This ean be ealeulated from the number 
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of moles of PCls used, together with the volume and temperature of the flask. Since 
the molecular weight of PCls is 208, the number of moles of PCls initially in the 
flask is 


2.69 
a 208 0.0129. 


The pressure corresponding to this number of moles would be 
0053 atm. 


Since the observed pressure is higher than this, some dissociation of PCls must have 
occurred. 


Using the law of partial pressures we can write 


Peo, + Pro, + Poi, = P: = 1.00 atm. 
We now notice that 


Gls = Precis; Ppoi, = 0.553 — Por, 


since one mole of PClg and one mole of Clo are produced every time one mole of PCls5 
dissociates. Therefore we can write Dalton’s law as 


0.553 — Poi, + Pow + Por, = 1.00, 


Poi, = 0.447 atm, 
and 
leave = 0.447 atm, Prot, = 9.106 atm. 


2.2 THE KINETIC THEORY OF GASES 


In the introduction to this chapter we stated that one of the occupations of a 
chemist is to relate the properties of bulk matter to the properties of individual 
atoms. In this section we shall see that simple assumptions about the structure 
and behavior of atoms in the gas phase lead to a molecular theory of gases that 
is consistent with several observed macroscopic properties. 

In order to develop a molecular theory of gases we must first assume that we 
can represent a gas by a simple “model.” A model is some imaginary construct 
or picture which incorporates only those features that are thought to be impor- 
tant in determining the behavior of the real physical system. These features 
are often selected intuitively, or sometimes on the basis of mathematical con- 
venience. The validity of any model can be determined only by comparing 
predictions based on it with actual experimental facts. 

A most important feature of our model is that the gaseous particles, whether 
atoms or molecules, behave like point centers of mass, which most of the time 
exert no foree on one another. This assumption is suggested by measurements 
of the densities of solids, which show that the actual volume displaced by a 
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single molecule is only about 10~7° ec, while for a gas at l-atm pressure, the 
volume per molecule is (22.4 x 10°)/(6 x 107°) = 4+ « 1077° ee. Sinee the 
actual volume of a molecule is so much smaller than the volume per molecule 
in the gaseous state, we can Justifiably assume that molecules are pomt particles 
that behave independently except for brief moments when they collide with 
each other. furthermore, sinee gas molecules exert force on each other only 
during the brief instants when they collide, all the obvious maeroscopie prop- 
erties of a gas must be consequenees primarily of the independent motion of the 
molecule. This ts the reason that the idea we are about to develop is ealled 
the kinetie theory of gases. 


Derivation of Boyle’s Law 


FIG. 2.6 
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In the following pages we shall present three derivations of Bovle’s law. The 
first derivation is very straightforward, and gives the correet result, but is 
perhaps unconvineing because of some obvious oversimplifications. The second 
derivation is similar to the first, but avoids a major simplifieation, and is there- 
fore more elaborate. The third derivation employs a totally different pomt of 
view, avoids all objectionable oversimphfieations, and is, therefore, much more 
convineing. It has the drawbaek that it is less pictorial and meehanieal than 
the other derivations, but mm addition to its rigor, it has the advantage that it 
can be extended to deal with nonideal gases. The purpose of presenting three 
derivations of Boyle’s law is to demonstrate that it is the methods and thought 
processes which are employed, as well as the final result of a derivation, that are 
useful and revealing. 


The imaginary cylinder of base area A and 
altitude ct which contains the molecules 
which will collide with A in time f. 





—w" 


* 
— 
‘a 


Consider N molecules, all of the same mass mm, contained in a cubieal vessel 
of volume V. We want to compute the pressure, or foree per unit area, on the 
walls due to molecular impacts. To do this, we first make a major assumption: 
all molecules in the vessel move along the three cartesian coordinates perpen- 
dicular to the walls of the box and have the same speed c. Now we center our 
attention on an imaginary cylinder which extends perpendicularly from one of 
the walls, as shown in }ig. 2.6. The base of this evlinder has the arbitrary 
area A. We choose the altitude to be ct, where ¢ is the molecular speed, and ¢ 
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1s an arbitrary but short length of time. The cylinder has the following impor- 
tant property: it contains all the molecules which will strike the wall in a time ¢, 
since the molecules located at the top of the cylinder and moving toward the 
wall will just travel the distance cf in time t. Those closer to the wall will reach 
it in less time. 

The force experienced by a molecule in a wall collision is given by Newton’s 
second law, 

f= ma, 


where a is the acceleration experienced by the molecule. Since acceleration is 
defined as the change in velocity per unit time, we can use Newton’s second 
law in the form 





f = ma, 
Ac A(me) 
im, — a 


force = change in momentum per unit time. 


Rather than caleulate A(mc)/At, the change in momentum per unit time, we 
shall compute the change in momentum of the molecule per collision and mul- 
tiply this times the number of wall collisions per unit time. That is, 


force = change 1n momentum per impact X impacts per unit time 


The change in momentum that occurs 1n one impact can be obtained by 
subtracting the momentum a molecule has after a wall collision from its momen- 
tum before the collision. Initially a molecule traveling toward a wall has 
momentum mc; after the collision its velocity is assumed to be exactly reversed 
in direction but unchanged in magnitude. The final momentum is therefore 
—me, and the change in momentum, the final value minus the initial] value, is 


A(mc) = —mc — mc = —2me. 


This is the change in momentum of the molecule, and the change in momentum 
imparted to the wall is the negative of this, or 2mc, since momentum 1s con- 
served in any collision. 

The number of collisions with the area A in time ¢ can now be calculated 
very simply. The volume of the cylinder is Act, and since the number of mole- 
cules per unit volume is N/V, the total number of molecules in the collision 
cylinder is NAct/V. Of these, however, only one-sixth are moving toward the 
wall since only one-third move along any one of the three coordinate axes, and 
only one-half of these move in the correct direction. Accordingly, the number 
of molecules hitting A per unit time is 
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Thus for the force on A we get 


oN AC 1 NAmc* | 
(ie Ms: V 





c>| 


The pressure is the foree per unit area f/A, so 


2 
| f = ; xm or PV = 4Nmce? = 3N(mce*/2). 





We ean pateh up our ineorreet assumption that all molecules have the same 
speed c by replacing c? in the above expression by the average value c?. Thus 
we get 


PV = 2N(mc?/2). (2.8) 


This looks very much like Boyle’s law. In fact, 7f it is true that 4:nc?, the aver- 
age kinetie energy of gas molecules, is constant at constant temperature, then 
Eq. (2.8) does express Boyle’s law exactly: the product of the pressure and the 
volume for an ideal gas 1s a constant which depends on the number of molecules 
in the sample. 

The foregoing derivation actually does give the eorrect result, but the 
assumption that all molecules move only parallel to the coordinate axes or 
perpendicular to the walls is not eorreet and tends to shake our econfidenee in 
the result. Iortunately this assumption ean be eliminated, and doing so gives 
us the opportunity to use ealculus m the derivation. 


_ i 





An oblique collision cylinder of slant height ct 
and base area A. All molecules in it moving 
toward the wall with directions specified by @ 
and¢ will collide with the wall during the time f. 


Consider the cylinder shown in Fig. 2.7. The area of its base is A, and its 
slant height 1s ct, where c is the moleeular speed, and ¢ is a short arbitrary 
time. The axis of the eylinder is loeated by the angle 6 from the direetion per- 
pendieular to the wall, and the angle ¢. Molecules in it that are moving parallel 
to its axis with speed c have a component of velocity perpendicular to the wall 
of c eos 6, and upon striking the wall acquire a new perpendicular component 
—ceos 6. The momentum imparted to the wall in one sueh collision is therefore 
2me cos 6. 
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Now we must find the number of molecules in the cylinder which move 
parallel to its axis. This is simply the volume of the cylinder Act cos 6, times 
the number of molecules per unit volume N/V, times the fraction of molecules 
moving m the direction specified by the small range of angles 6, 6+ dé6, and 
o,¢+ dd. This fraction is 

dd sin 6 dé 
Aq 
which is found by dividing r* sin 6 dé@ dd, the area on the surface of a sphere of 
radius r corresponding to the differential angles d@ and dé, by the total area of 
the sphere 47r*. Consequently, the momentum change per unit area and time 
(that is, the pressure) due to the molecules in this cylinder is 


2mce cos 8 N\ {d¢sin 6 dé 
( cos 8) (Act COS 0) (*) (denne ) 


Nmc? 
Ziv 





or 


cos” 6 sin 6d6 dé. 





To get the total pressure due to all possible orientations of the cylinder, we 
must add (by integration) the values of the trigonometric terms for all allowed 
values of 6 and ¢. The angle @ can range from 0 to 7/2 before the imaginary 
cylinder hits the wall, whereas ¢ can run from 0 to 27. We must evaluate 


Ni 9 25 +12 
Mlle | io cos” @ sin 6 dé. 
0 0 





QV 


The integral over ¢ stmply gives 27. The integral over @ can be evaluated by 


Momo that d(cos 6) = —sin @ dé, so if we let x = cos @, we get 
1/2 0 3 | 0 

, I 

| cos? gin oda = — [ of i ee 

0 i 3 1 5 





Our expression for the total pressure 1s then 


2 
_ Nme 


P= (2n)(8) 





or, rearranging and replacing c” by c?, we get 


2 Nic? 
: —— 5) 
Meas 5 





which is the result obtained by the more elementary method. 
We can use the technique just employed to calculate the rate at which 
molecules strike a unit area of a wall from all directions. The contribution from 
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a cylinder with orientation ¢, @1s the volume of the evlinder Acé eos 6, multiplied 
by the number of moleeules per unit volume N/V and the fraetion moving 
along 6, @ toward the wall, sin 6d9 d¢/47, divided by the time é and area A: 


Act = 6 N\ (sin 6d6d¢\ | 
At Ney, 4a 


To get the total rate at which molecules hit a unit area of the wall, we integrate 
over allowed angles: 














27 
AT 
wall collision rate = i a | io} eos @ sin 6 dé 
4mV Jo 0 


Nie 
7 aya 
We ean replace c by the average speed @, and by so doing obtain an exaet expres- 
sion for the wall collision rate. Note that the elementary method first employed 
to derive Boyle’s law would give N@/6V for the wall eollision rate, which is too 
small. Its sueeess in the Boyle’s law derivation came from compensating errors. 
We will now derive the equation of state for a gas by a third, much more 
rigorous, but somewhat simpler method. This last technique, which involves 
use of the virial theorem, exposes most clearly the mmimum necessary assump- 
tions involved m derrving Boyle’s law, and has the very important feature that 
it provides a basis for rigorously treating nonideal gases. Before we derive the 
equation of state, we must prove the virial theorem. 
Consider S,, the product of the z-eomponent of momentum p, times the 
eoordmate 2x: 





(2.9) 


S; = Lpr. 


The derivative with respect to time of S; is 


dS, _ du dpz\_ 
‘im 2 (2) ed) 


Now we ask for the average value of dS,/dé over a long time period 7. This can 
be obtained by adding up all the values of dS,/dt during this time, and dividing 
by 7. Smee the values of dS,/dt ean be considered continuous, we ean perform 
the addition (and the averaging) by integration. The average we want is 


oF dt = 1 | as, =§ 
T JO 


ra 








T 











0 
= el = Sz(0) . 


T 


lor mechanieal systems in which the motion of the particles is confined, the 
quantity S, has some finite upper limit. For a gaseous molecule confined to a 
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finite volume, the coordinates have obvious upper limits set by the vessel walls. 
Also, the momentum has a finite upper limit set by the finite total kinctie 
energy. Consequently the quantity S,(7) — S,(0) must also be finite and, in 
faet, may be quite small. Sinee the period of time over which the averaging is 
performed ean be made arbitrarily long, the quantity [S,(7) — S,(0)]/r ean be 
made to vanish. Thus the long time average of dS,/dt vanishes, and from 


Eq. (2.10) we get 
Cat) = 9= Gi) +E 
dp, 
(mG) =~ CG 


Dn O02) at. De = ie, 








or 





Now sineec, by definition, 


and the foree F’, is dp,/dt, we can substitute to get 


(mui) = —(zF,). 


This argument has been earried out for the x-eomponent of one partiele, and is 
the same for all three components and all other particles in a gas. Thus we ean 
add the terms for the other eomponents and N partieles to get 


2 (mv2 +. mvs -!- mv2) ) = — 2 (2F, + yf, + zF'.)) , 


where > wy stands for the operation of adding up the quantities for the N par- 
tieles. The left-hand side is Just twiee the average kinetie energy of the eolleetion 
of partieles, so we have 


(KE) = — 5 (E (Fs + yly + 22) (2.11) 


The left-hand side is the average kinetie energy of all the partieles, and the 
right-hand side is ealled the virial. Equation (2.11) is a statement of the 
virial theorem. 

Now that we have the virial theorem, it is a simple matter to derive the 
equation of state for an ideal gas. In sueh a system the only forees on the 
moleeules are those due to the walls of the eontainer. For the eubieal box shown 
in Fig. 2.8 we must evaluate the produet of the foree and eoordinate for each of 
the six faees. Taking the quantity zF, as an example, we sec that it vanishes 
for all faces exeept those perpendieular to the z-axis, sinee a wall parallel to the 
£-axis eannot exert a net foree in the z-direction if the gas is at rest. The eon- 
tribution to the virial of the wall at z = 0 is zero, while the wall at 7 = L 
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FIG. 2.8 


2 


f 
A cubical gas container with faces at x = 0, L, L 
y— 0, Land 2-07 a 
/ 


o i 


contributes LF, = —L(L?P), where P is the gas pressure. A similar argument 
holds for the other walls, with the result that 


(KE) = —4L(F, + F,+ Ff.) = - (L?P + L?P + L*P) = 8PL® = 3PV. 


Therefore we get 


2 
PV = 3(KE) = 3N "), 


which 1s exactly the result obtained earlier. Note that the important assump- 
tion made m this derivation is that the only forces that contribute to the virial 
are those that the molecules exert on the walls. This appears then to be the 
necessary condition for a gas to behave exactly according to Boyle’s law: the 
forces between the molecules must be negligible. Since molecules always exert 
forces on cach other when they are close, Boyle’s law is obeyed exactly only in 
the limit of zero pressure. 


Temperature, Energy, and the Gas Constant 
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Our theory cannot provide a way to evaluate the constant 4me?; this must be 
done by comparing the theory to the results of some experiment. To see how 
this is accomplished, let us return to Eq. (2.8) and write the number of molecules 
N as the product of Avogadro’s number Nog and n, the number of moles of gas 
m the sample: 


N= nN 0, 
mc? 


PV = n8No 


But by experiment we know that PV = nRT, and therefore 


re 
RT = 3No~5—° 
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Now the quantity mec?/2 is the average translational kinetic energy of a single 
molecule, so No(mc?/2) is the total kinetic energy of one mole of gas. We have 
the remarkably simple result that 


translational kinetic energy of a mole of gas = 2RT. (2.12) 


Irom this we see that temperature is a parameter related to the total kinetic 
energy of translation of the gas particle. If we divide both sides of Eq. (2.12) 
by Avogadro’s number, we get 

me? 


Z 


¢ 


i 


bo] Oo 


3 °# : 
where k = R/No, the gas constant per molecule, is called Boltzmann’s constant. 
This equation tells us that temperature is a measure of the average kinetic 
energy of a single molecule. 

According to Eq. (2.12) the quantity nRT and consequently ?V must have 
the units of energy. We have been expressing both of these factors in units of 
liter-atmospheres, which is an uncommon and perhaps unrecognizable energy 
unit. To assure ourselves that pressure times volume indeed has the units of 


energy, we need only write 


pressure X volume = (force/area)(area * length) 
= force X length. 


Since work or energy is defined as the product of force and distance, we see 
that PV actually does have the units of energy. Let us calculate the value of 
1 liter-atm of energy in more common units. Since 1 atm is 1.013 « 10° dynes/ 
cm’, and 1 liter is 10° ce, 


1 liter-atm = (1.013 x 10° dynes/cm?) x 10? cm? 
= 1.013 « 10° dyne-cm 
= 1,013 x 10° ergs. 


Noting that 1 joule = 10’ ergs, we find that 1 liter-atm is equal to 1.013 x 
10? joules, or to 24.4 cal. We can use these conversion factors to calculate the 
value of R in more familiar energy units. The value of FR in ergs per mole- 
degree 1s 


o.os20g Htetatm 1 013 x 10° e788 = 8.313 x 107 STS. 
mole-deg liter-atm mole-deg 


Other values for F in different units are given in Table 2.2. 
Now we are in a position to evaluate Boltzmann’s constant k, and to cal- 
culate the average speed of gaseous molecules. We know that the value of the 
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Table 2.2 The gas constant R 


0.08206 
1.987 


liter-atm/mole-deg 
cal/mole-deg 


8.313 joules/mole-deg 
S313 e104 ergs/mole-deg 


gas constant R is 8.313 X 10’ ergs/deg-mole, so for k we find 


Sols al0e 


:= ACRE AL = 1.380 x 107!° ergs/molecule-deg. 


We have chosen to express Boltzmann’s constant in cgs units so as to be able 


to compute molecular speeds in cm/sec. Let us calculate Vc? for a nitrogen 
molecule at room temperature. We write 


rel 
| 


om — id be 
= A/S an (2214) 
= (: 138 ela ax zs" 


bole 


3 
| 


4.65 X 10723 
— 5.1 xX 10* cm/sec. 


The quantity Vc? is called the root-mean-square speed of a molecule, Crs, 
and is not the same as the average speed ¢. The difference between the two, 
however, is so small that for most purposes they can be equated to each other. 
Equation (2.14) shows that the root-mean-square speed depends on the mass 
of the molecule, and repetition of our calculation gives the root-mean-square 
speed of a hydrogen molecule at 25°C as 19.3 X 10* cm/sec. Table 2.3 gives 
Crms for some other molecules. 

Equation (2.13) shows that if two gases are at the same temperature, their 
molecules have the same average kinetic energy, so we can write 


= _ 2 
2 2 Cc Ne 
SMC} = ZMoCo, was =—) 
2 my) 
C2 
— fe 
eS (ae (2.15) 
Co my 


Table 2.3 Root-mean-square speeds of molecules at 298°K 


Argon 4.31 X 104 cm/sec Hydrogen 1.93 X 105 cm/sec 
Carbon dioxide 4.11 x 104 Oxygen 4.82 x 104 
Chlorine 3.23 x 104 Water 6.42 x 104 
Helium 1.36 x 105 Xenon 2.38 x 104 
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When taken at the same temperature, lighter molecules move faster, on the 
average, than heavier molecules, and the ratio of the average molecular speeds 
is very nearly equal to the square root of the inverse ratio of molecular masses. 

In the derivation of Boyle’s law we showed that the frequency of wall col- 
lisions 1s proportional to molecular speed, and hence inversely proportional to 
the square root of molecular mass. Consequently, lighter molecules collide 
with the walls of their container more frequently than do heavier molecules at 
the samc temperature. On the other hand, the change in momentum pcr wall 
collision is proportional to mé, and by taking account of Eq. (2.15) we see 
that mé increases proportionally to the square root of the molecular mass. 
Thus, while lighter molecules collide more frequently with the vessel walls, 
heavier molecules experience a greater change in momentum per collision. 
These two factors exactly cancel each other, and gas pressure is independent 
of the nature of the molecules. 


A schematic representation of a molec: 
Vacuum[— > ular effusion apparatus. The diameter of 
the hole is smaller than the distance that 
molecules travel between collisions. 


Consequently molecules pass indepen- 
== dently, not collectively, through the hole. 


FIG. 2.9 


Effusion and Diffusion 


There are two simple cxperiments which make the mass dependence of the 
average molecular speed directly observable. Consider first the apparatus 
shown In Fig. 2.9. A gas 1s separated from a vacuum chamber by a wall which 
has a very small hole in it. If the hole is small enough, there will be no “pouring” 
or collective mass flow of gas into the vacuum. Instead, individual molecules 
will pass through the hole independently only if their trajectories cause them 
to approach the wall area where the hole is. The rate of passage of molecules 
through the hole, which is the effusion rate, 1s just the rate at which molecules 
strike a unit area of the wall times the area A of the hole. From Ea. (2.9) we get 


effusion rate = rate of wall collisions per cm” X hole area 
aN 
— 4 V Ce. 
Smee €, the average molecular speed, is inversely proportional to the square 
root of molecular mass, we should have 


effusion rate « m7 ?!/?, 
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FIG. 2.10 
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This is observed experimentally. In partieular, if an equimolar mixture of Ho 
and No is allowed to effuse through a hole, we can expeet 


rate of effusion of Ho CH, MN » 


rate of effusionof Np — ty, my 
ey ei 
== te ae al. 


Thus the gas which passes through the hole should be richer in Hg, and the gas 
remaining in the vessel should be richer in Nog. This result is indeed found 
experimentally. 


2 


Porous wall 








(a) (b) 


Diffusional mixing of He and Ne. (a) Initial state, and (b) some time later. 


The seeond type of experiment whieh demonstrates the differenee in moleeular 
speeds is gaseous diffusion. Figure 2.10 shows an apparatus in whieh hydrogen 
and nitrogen gas, initially at the same pressure and temperature, are separated 
by a porous wall. The porous wall prevents a mass flow of gas, but does allow 
molecules to pass from one ehamber to the other. It is observed that the initial 
diffusive flow of hydrogen from left to right is more rapid than the flow of 
nitrogen from right to left. 

The explanation of the diffusive flow rate is more complieated than the 
explanation of moleeular effusion, sinee diffusion involves the effeets of collisions 
between moleeules, whereas effusion does not. However, the dependenee of 
diffusion rate on molecular mass ean be dedueed as follows. As each gas starts 
to diffuse through the porous plug, it transfers momentum to the plug. Initially, 
the pressures of the gases on each side of the plug are equal, and this means that 
the momentum imparted by eaeh gas to the plug must be the same. Since the 
gases are flowing, the momentum imparted per unit time by eaeh to the plug 
is the produet of the flux of moleeules J through the plug and the average 
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momentum carried by the molecules, mz. Thus 


momentum transferred/sec by Hy = Jy,my,C11,, 


momentum transferred/sec by No = Jy ,my,ty,. 
These momenta are equal, since the pressures are equal, so 


JH,Mmi,Ch, = Jx,mn,tn,, 





JH, _ (mé)x, . 
Jn,  (me)n, 


Now we make use of the fact that @ « m~'!?, and get 


rate of diffusion of H. J1, mn, 
rate of diffusion of No Jn, s MH, 








(2.16) 


The result is that the ratio of rates of diffusion is inversely proportional to 
the square root of the mass ratio, Just as was true for effusion. Note, however, 
that the inverse mass dependence of effusion and diffusion arises in two different 
ways. In effusion, the molecular flux is directly proportional to molecular speed, 
and hence inversely proportional to the square root of molecular mass. In 
diffusion, the molecular flux is inversely proportional to the molecular momentum 
mé, and hence inversely proportional to the square root of molecular mass. 

The fact that the rate of diffusion is greater for lighter gases can be made 
the basis of a purification procedure. If we had an equimolar mixture of hydro- 
gen and nitrogen, and allowed it to diffuse through a porous wall into a vacuum, 
the gas which initially diffused through the barrier would be enriched in hydro- 
gen. The enrichment factor would be the ratio of the rates of diffusion of the 
two gases, or as Eq. (2.16) shows, a factor of 3.7. If the enriched sample were 
collected and allowed to diffuse through another porous barrier, further enrich- 
ment could be achieved. It is by an elaboration of this process that the U**°® 
isotope is separated from U?3*. Gaseous UF, diffuses through thousands of 
porous barriers until an acceptable enrichment of U*’?l', occurs. The enrieh- 
ment factor at each barrier is only 


238 + .114\'/? | 
Goan = 


and consequently many barriers and careful collection and recycling of the gas 
are required to achieve a useful isotopic separation. 


2.3 THE DISTRIBUTION OF MOLECULAR SPEEDS 


As we implied in our kinetic derivation of Boyle’s law, not all gaseous molecules 
travel at the same speed. To obtain a more detailed picture of gaseous behavior, 
it might seem desirable to know the speed of each molecule. However, this is 
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definitely impossible. Just to write down the 6 x 107° valucs of the molecular 
speeds that occur in a mole of gas at one particular instant would require a 
stack of paper reaching past the moon. It is even more discouraging to realize 
that these data would be valid for less than 10~° seconds. Because of collisions, 
the speed of each gaseous molecule changes billions of times every second. 
Consequently, we must abandon the idea of ever knowing the speed of each 
molecule in even a modest-sized sample of gas. 

There is still a useful approach to the problem, however. We can take ad- 
vantage of the large numbers of molecules present in any gas sample and make 
a statistical prediction of how many of them have a particular speed. This 
approach is similar to that used in actuarial problems. Without detailed infor- 
mation, 1t 1s impossible to say who will die in a given week, but the number of 
people who will die in the same period is statistically predictable. In a gas, 
despite the constant collisional “exchange” of speeds, the number of molecules 
with any particular speed, for instance in the small range between c and c + Ac, 
is a constant. Consequently, it is possible to specify the distribution of molecular 
speeds: the fraction AN/N of the molecules which have speeds between each 
value of c and c + Ac. 


Relative number of molecules with 
speeds in interval Ac 


¢ 
| 
I 
| 


Molecular speed distribution for oxygen 
at 273°K. 





0 4x 104 Sx 104 12103 
Molecular speed (cm/sec) 


The molecular speed distribution, derived by statistical considerations and 
confirmed by experiment, is represented graphically in Fig. 2.11. The value of 
the ordinate is proportional to the fraction of molecules which have speeds in a 
narrow range Ac centered about each value of c. Note that there are relatively 
few molecules with very high or very low speeds. The value of ¢ for which 
AN/N is a maximum is called the most probable speed, cmp. The distribution 
curve is not symmetrical about its maximum, and as a result the average speed 


é is slightly larger than cmp, and the root-mean-square specd ¢yns = Ve? is 
larger still. However, exact calculation shows that these speeds are related by 
Cmp:€:Crmg = 1:1.13:1.22, and for many purposes can be considered identical. 
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Very often it 1s useful to know the fraction of molecules that have speeds be- 
tween two different values c; and c2; this number is cqual to the area under 
the distribution curve between c; and cy. With this in mind, we can sce from 
Fig. 2.11 that most gaseous molecules have speeds that are near the average 
speed ©. 

Figure 2.12 shows how the distribution of speeds changes as the gas tempcra- 
ture is raised. The values of cmp, €, and ¢rms all increase, and the distribution 
curve becomes broader. In other words, at higher temperatures there are more 
molecules with greater speeds than at low temperatures. The temperature 
dependence of the distribution curve is helpful in explaining the effect of tem- 
perature on chemical reaction rates. Consider the possibility that in order to 
react, a molecule must have a speed greater than c¢,, shown in lig. 2.12. The 
area under the distribution curve for speeds greater than c, is very small at low 
temperatures, and thus very few molecules meet the requirement for reaction. 
As the temperature is increased the distribution curve broadens, and the area 
under the curve corresponding to speeds greater than cq, increases. Thus at 
higher temperatures more molecules satisfy the criterion for reaction, and the 
reaction rate increases. 






(NMI 


Relative number of molecules 
with speeds in an interval Ac 


Molecular speed distribution for oxygen 

= at two temperatures. 

0 4 8 12 16 
Speed c (cm/sec X 1074) 


FIG. 2.12 


The Maxwell-Boltzmann Distribution Function 


The mathematical form of the speed distribution function was first derived by 
Clerk Maxwell and Ludwig Boltzmann in 1860. Their expression for AN/N is 


3/2 
a =— 47 (tn) Ge crigt! 2. Ae (2.17) 


where m is the molecular mass, / is Boltzmann’s constant, T 1s the absolute 
temperature, aud e = 2.71... is the base of natural logarithms. We will not 
derive this equation, for to do so requires moderately elaborate mathematics. 
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It is useful, however, to analyze the expression, and see that the dependence 
of AN/N on cis the product of two factors. One is 

eal 2)(me? kT) 

and the other, apart from the constants, is c?. 

The exponential factor 1s a special example of Boltzmann’s factor c 
with € = 4mc*. It is a general and very important feature of all systems that 
the fraction N./N of molecules with energy € is proportional to c~‘/*?. Thus, 
at any particular temperature there tend to be fewer molecules with high 
energies than with low energics. 

Even without using detailed mathematics, it 1s possible to justify the ex- 
ponential form of the Boltzmann factor in the speed distribution law. We 
know that the kinetic energy can be expressed in terms of the squares of its 
velocity components: 


—e{/kT 
} 


dmc? = 4mz? + Amy? + 3m2?. 


If the motion of molecules is truly random, the value of one velocity component 
is independent of the values of the others. Therefore, if we say that the speed 
distribution function depends on the energy 3mc*, the function must be con- 
sistent with two facts: 


1. The kinetic energy of a molecule is the sum of its component kinetic energies. 


2. The probability of observing a particular magnitude of one velocity com- 
ponent is independent of the values of other velocity components. 


Now the probability of observing two independent events is equal to the product 
of the probabilities of observing each of them separately. Therefore our re- 
quirements on the speed distribution function amount to saying that the 
kinetic energies associated with the velocity components must be additive, but 
the probabilities of observing their individual values must be multiplicative. 
We can see that the Boltzmann factor satisfies these requirements, for 

ome? /2kT — emi 2kT (a? +4? +2°) = ie ose lakhs iegeteal2k 2 (cee 
where the three factors on the right-hand side are the probabilities of observing 
the individual values of the velocity components. The argument we have Just 
outlined can be used as a basis for a proof that the exponential function alone 
satisfies the requirements for the distribution law. 

The origin of the c?-factor in the distribution law lies in the fact that there 
are more “ways” in which a molecule can have a high speed than a low speed. 
For instance, there is only one way in which a molecule can have zero speed: 
it must not be moving along the z-, y-, or z-axis. But if a molecule has a finite 
speed, say 100 m/sec, it may move in either direction along the z-axis at 
100 m/sec, and not along y or z, or it may move along y at 100 m/sec and not 


THE PROPERTIES OF GASES 2.3 


along x or z, or it may move with a velocity component of 57.7 m/sec along 
each of the axes. Any combination of velocity components which satisfies the 
relation &° + y? + 2? = c? = (100)? is possible. As the speed of a molecule 
increases, the number of possible combinations of its velocity components 
which are consistent with its speed increases proportionally to c?. 
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Graphical representation of FIG. 2.13 
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To see this argument more clearly, we need only plot the equation #? -+ 
y” + 2? = c? on a coordinate system in which 4, ¥, 2 are the coordinate axes. 
Figure 2.13 shows that this equation generates a spherical surface of radius c. 
This surface contains all the values of <, 7, and 2 which are consistent with a 
speed c. Therefore, the number of possible ways a molecule can have speed c 
should be proportional to the number of points on the surface, or to the surface 
area. Since the surface is a sphere, its area and the number of ways in which 
the speed c¢ can occur are proportional to c?.. Thus the Maxwell-Boltzmann 
distribution has in it two opposing factors. The c?-factor favors the presence 
of molecules with high speeds, and is responsible for the fact that there are few 
molecules with spceds near zero. The Boltzmann factor, e~”°!?*", favors low 
speeds and limits the number of molecules which can have high speeds. 


Experimental Verification of the Speed Distribution 


Figure 2.14 is a simplified diagram of an apparatus that has been used to deter- 
mine the form of the speed distribution. The vapor of cesium is contained in an 
oven O which has a very narrow horizontal slit cut in its side. Cesium atoms 
pass through the slit into the surrounding chamber, in which a vacuum 1s 
maintained. In the absence of gravity the only cesium atoms passing through 
the slits S,; and S» and to the detector would have horizontal trajectories. 
Because of the action of gravity, however, the atoms are deflected downward as 
they travel toward the detector D. The deflection is greatest for the atoms which 
travel with the slowest speeds. To see that this is true, recognize that the time 
that an atom with speed ¢ takes to travel the distance / from the oven to the 
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FIG, 2.14 


Schematic diagram of apparatus for determining the molecular speed distribution. 


detector is ¢é = l/c, and the deflection s produced by the aeceleration of gravity g 
during this time is s = 3gt? = 4g(l/c)”. Thus, by measuring the signal reaching 
the detector when it is placed at the various positions D, D’, D”, ete., the 
relative number of atoms with each specd can be determined. The results found 
in this way are in exeellent agreement with the mathematieal form of the speed 
distribution found by statistical calculations. 
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In Chapter 1 we defined the heat capaeity of a substance to be equal to 
the amount of heat in calories required to raise the temperature of one mole 
of the substance one degree centigrade. Now we shall see that the molceular 
kinetic theory leads to a very satisfactory prediction and interpretation of the 
experimental heat capacitics of many gascs. 

Iirst we must remark that our definition of heat capacity is incomplete. It 
is found experimentally that the measured value of the heat capacity depends 
on how a gas is heated. In partieular, if a gas is heated with its volume held 
constant, the measured heat capacity is smaller than when the gas is heated 
with the pressure fixed. Let us call these two heat eapaeities Cy and Cp, the 
heat eapacity at constant volume and at eonstant pressure, respectively. 

When a gas is heated, energy is added to it. This added encrgy must appear 
as kinetic energy of the molecules, or as work done by the gas in expanding 
against an external pressure, or as both. In order for a gas to perform work, it 
must expand, for work 1s always the produet of a foree and a displaeement. If 
the volume of a gas is held constant, there is no displacement and no work done. 
Therefore, any cnergy we add to a gas at constant volume must appear as 
kinetic energy of the molecules. The kinetic theory tells us that for an ideal 
gas of monatomic particles, 


Ex $hT. 


tojeo 
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Table 2.4 Heat capacity ratios, 
Cp/Cy, for some gases 


Gas Cp/Cy Gas Cp/Cy 


He 1.66 Ho 1.41 
Ne 1.64 Oo 1.40 
Ar 1.67 No 1.40 
Kr 1.68 CO 1.40 
Xe 1.66 NO 1.40 
Hg 1.67 Cle 1.36 


Therefore 1f we increase the energy by an amount A/, we must make a change 
in tempcrature AT’, where 


AK = $R AT. 


But AE/AT is the increase in energy per degree per mole, or the heat capacity 
at constant volume: 


AE 
Cy — AT ) 
Thus Cy for an ideal monatomic gas is $f, or about 3 cal/mole-deg. 

When the temperature is raised at constant pressure, the kinetic energies of 
the molecules increase and the gas does work by virtue of its increase in volume. 
If we remember that the product PV has the units of work, the amount of work 
done by the gas expansion can be calculated easily. It is simply equal to A(PV), 
the change in the pressure-volume product. But at constant pressure we can 
write 

BOY joeP AV a=oP(V5 — Vy jo PVo — PV. 


lor one mole of gas, PV = RT and 
PV, — PV, = RT. — RT,=R AT. 


Thus, the “extra” heat capacity due to the expansion of the gas is A(PV )/AT = 
R, and so 


CeCe 
Geos = eer 


The heat-capacity ratio Cp/Cy can be measured experimentally, and Table 
2.4 shows that the values found for the monatomic gascs agree well with the 
predictions of the kinetic theory. It is also clear, however, that the heat-capacity 
ratios for the diatomic gases are consistently less than 1.67, and we must now 
explore the reasons for these deviations. 
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FIG. 2.15 
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(b) 


Rotational motion of a diatomic molecule. (a) Rotation about the x-axis. (b) Rotation about 
the y-axis. 


lirst we note that Cy, the heat capacity that is due to the translational 
motion of the molecules, 1s equal to $R, and that there are three independent 
velocity components associated with the translational motion. Therefore we 
can infer that each of the three independent translational motions contributes 
5 to the heat capacity. On this basis we might expect that if any other type 
of motion ts available to gas molecules, there will be additional contributions 
to the heat capacity, coming in units of 3A. 

Figure 2.15 shows that in addition to the three translational motions, a 
diatomic molecule can rotate about its center of mass in two mutually perpendic- 
ular and independent ways. Assigning 3F as the heat-capacity contribution of 
each of these motions we get 


Cy = 3h + 3R + oR = $R, 
Cpe=C vt+k= 5h ) 
Cp/Cy = t= 1.40. 


Thus this intuitive argument accounts in large measure for the observed heat- 
capacity ratios of the diatomic gases. 

Were we to stop the analysis here, we would be guilty of overlooking the fact 
that the atoms of a diatomie molecule are not rigidly held at a fixed distance 
from each other, but vibrate about a well-defined average separation distance. 
This vibrational motion 1s independent of the rotations and translations, and 
apparently should contribute to the total heat capacity of the molecule. That 
it does not make an appreciable contribution for most diatomie molecules is a 
fact that ean be explained only by analyzing the vibrational motion using quan- 
tum mechanies instead of the Newtonian laws of motion. This analysis 1s 
beyond our scope, but its result 1s the prediction that vibrational motion can 
contribute any amount to the heat capacity between 0 and FR, and the latter 
value 1s approached only at high temperatures for most molecules. 
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2.5 IMPERFECT GASES 


The ideal gas equation of state, PV = nRT, whilc of pleasing simplicity, is 
restricted in its application. It is an accurate representation of the behavior of 
gases only when they are at pressures not much greatcr than one atmosphere, 
and at temperatures well above their condensation points. In other words, the 
ideal gas equation is an approximation to more accurate equations of state 
which must be used when gases are at high pressures and low temperatures. 
These more accurate cquations are naturally more complicated mathematically, 
and thus more difficult to use. Nevertheless, thcir study is actively pursued, 
for the form of these more accurate equations of state can tell us much about 
the forces that molecules exert on each other. 

The quantity z= PV/nRT is called the compressibility factor of a gas. 
If a gas were ideal, z would be equal to unity under all conditions. Experimental 
data, some of which appear in lig. 2.16, show clearly that z may deviate con- 
siderably from its ideal valuc, which is approached only in the range of low 
pressures. Moreover, deviations from ideal behavior may cause z to be greater 
or less than unity, depending on the temperature and the pressure. 
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An empirical equation of state generated intuitively by van der Waals in 
1873 reproduces the observed behavior with moderate accuracy. [Tor n moles 
of gas, the van der Waals equation is 


2 
(v es re] (V — nb) = nRT, 


where a and b are positive constants, characteristic of a particular gas. While it 
is only one of several expressions that are used to represent the behavior of 
gases over wide ranges of pressure and temperature, it is perhaps the simplest 
to use and interpret. At low gas densities V tends to become much larger than 
nb, and n*a/V? tends toward zero. Under such conditions it is a good approxi- 
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mation to write 


2 
5 Cee 
if py: =F, 
V—nb= J, 


and so the van der Waals equation for one mole of gas reduees to PV = RT 
at low pressures. 

To analyze the van der Waals equation further, let us for simplieity specify 
n = 1 mole, and then rearrange it to the form 
me as V a 1 


| 2 =e 
Now we ean see that as the volume diminishes, the terms on the right-hand 
side of the equation become large. If the temperature 1s high, however, the 
seeond term will tend to be small, and we will have 

Pye 


RT =Vyusp? | 





This reproduees the “positive” deviations from ideality observed at high tem- 
perature and pressure. On the other hand, at room temperatures and moderate 
densities the approximation 
V cw 
V—b~ 


holds, and the term proportional to a beeomes important; so we have 


Thus the eompressibility faetor is less than unity, as 1s observed for many 
gases at moderate densities and low temperatures. 


Intermolecular Forces 


68 


Now we must find an explanation of the origin and signifieance of the 
van der Waals eonstants a and b. The eonstant 6 has the units of volume per 
mole, and aeeording to Table 2.5 has a value of about 30 ee/mole for many 
gases. To a rough approximation, 30 ce is the volume that one mole of gas 
oeeupies When it 1s eondensed to a liquid. This in turn suggests that b is some- 
how related to the volume of the moleeules themselves. Comparison of the 
simplified van der Waals equation P(V — 6) = RT with PV = RT further 
supports this view. In deriving the ideal gas equation of state we assumed that 
the moleeules were mass points whieh had available to them the whole geomet- 
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Table 2.5 Van der Waals constants 


Gas a(liter*-atm/mole?) b(liter/mote) 
Ho 0.2444 0.02661 
He 0.03412 0.02370 
No 1.390 0.03913 
O2 1.360 0.03183 
CO 1.485 0.03985 
NO 220 0.02789 
CO2 3.592 0.04267 


HeO 5.464 0.03049 


rical volume of the container. If the molecules are not points, but are of finite 
size, each must exclude a certain volume of the container from all the others. 
If we eall this “excluded”” volume b, then we might say that the “true” volume 
available for molecular motion is V — b, and that consequently the equation 
PV = RT should be written as P(V — b) = RT. Thus the effect of finite 
molecular size is to make the observed pressure greater for a given volume than 
is predicted by the ideal gas law. 


Excijuded vojume due to finite molecular size. 





Let us assume that molecules are impenetrable spheres of diameter p, and 
ask how this diameter is related to the van der Waals b-factor. Figure 2.17 
shows that the presence of one molecule excludes a volume of $7p°* from the 
center of any other molecule. For a collection of molecules, we can regard half 
of them as excluding a certain volume from the other half, so the total excluded 
volume is 


+ (4np*) = 3np°N = nb, 


where for a l-mole sample, N equals Avogadro’s number. Thus by determining 
the van der Waals b-factor experimentally we can obtain an estimate of the 
size of a molecule. 

To interpret the factor a/V? in the van der Waals equation of state we note 
once again that the pressure of a gas arises from a transport of momentum to 
the walls of the container. If there are attractive forces between molecules, this 
momentum transport is somewhat impeded by the interaction of molecules 
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nearing the walls with the moleeules “behind” them in the bulk of the gas. 
In effeet, attraetive forces eause moleeules nearing the walls to transfer some 
of their momentum to other gas molecules rather than to the walls. We ean 
expect the magnitude of this “negative pressure” effeet to be jointly proportional 
to the densities of eaeh of interacting pairs of moleeules, or to (N/V )*. For 
one mole of gas this ean be written as a/V”, where a is a proportionality eonstant 
greater than zero that measures the strength of the attraetive intermoleeular 
forees. 

Beeause of attraetive intermoleeular forees alone, the actual pressure of an 
imperfect gas is lower than that predieted by the ideal gas law. Therefore we 
should add the term a/V? to the aetual pressure P to obtain [P + (a/V7)], 
a quantity whieh when multipled by volume gives the ideal pressure-volume 
product (PV )iaca) = RT. This argument rationalizes the way in whieh the 
term a/V? appears in the van der Waals equation. 

We should also note that if there are attraetive forces between moleeules, 
two moleeules ean beeome bound to eaeh other to form an assoelated molecular 
pair, or dimer. The “bond” between sueh moleeules is very weak, so that under 
ordinary eonditions only a small fraction of the gaseous molecules are present 
as dimers. [Tor each dimer formed, the net number of free partieles deercases 
by one. According to the kinetie theory, the gas pressure is proportional to 
the number of free partieles, regardless of their mass. Thus, if an appreeiable 
number of moleeules are dimerized, the aetual number of free partieles will be 
smaller than the storehiometrie number of moleeules, and the observed pressure 
will be less than the “ideal” value of RT/V. This is the same eonelusion that 
we reaehed previously by using a different argument. 

A slight rearrangement of the van der Waals equation will make elear how 
the types of deviation from idea] behavior depend on temperature. For one 
mole we write 


ae oa 
hr oa) VRT 


Letting V/(V — b) = 1+ )/V, we get 


ay a\ 1 


This shows elearly that to a first approximation deviations from ideal behavior 
are proportional to 1/V, and that the magnitude and sign of the deviations 
depend on the size of the molecules, the strength of the attractive forees between 
them, and the temperature. At high temperatures the quantity PV/RT will 
tend to be greater than unity, while the opposite will be true at low temperature. 


Question. At the so-called Boyle temperature, the effects of the repulsive and attractive 
intermolecular forces just offset each other, and a nonideal gas behaves ideally. From 
Eq. (2.18), express the Boyle temperature in terms of the van der Waals constants a and b. 
What are the Boyle temperatures of He and No? 
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Equation (2.18) gives an adequate representation of gas behavior only in a 
rather limited range of densities. A simple extension of this equation that can 
be fitted to experimental data over a much wider range of densities is the virial 
equation of state: 


igo GE) CUE Oe) 


Ry oe a Sc 


The quantities B(7T'), C(T), etc., are called the second, third, etc., virial coeffi- 
cients, and depend only on temperature and the properties of the gas molecules. 
The second virial coefficient B(7') represents the contributions that interactions 
between pairs of molecules make to the equation of state, while the third virial 
coefficient C'(7T’) measures the effects due to the simultaneous interaction of 
three molecules. In the simple van der Waals model where molecules are 


pictured as rigid spheres that attract each other weakly, the second virtal 
coefficient is (b — a/RT). 


= 


Graphical representation of the Lennard-Jones 
intermolecular potential energy function. 


Intermolecular potential energy, ¢ 


Intermolecular distance, 7 


The van der Waals model for molecular interactions 1s admittedly very 
crude, for we cannot seriously expect that molecules are impenetrable spheres 
of well-defined diameter. JTortunately, the experimental determinations of the 
virial coefficients have led to a more detailed and satisfying picture of inter- 
molecular forces. All molecules attract each other when they are separated 
by distances of the order of a few angstrom units, and the strength of these 
attractive forces decreases as the intermolecular distance increases. When 
molecules are brought very close together they repel each other, and the mag- 
nitude of this repulsive force increases very rapidly as the intermolecular 
separation decreases. These phenomena are often represented by plotting the 
mutual potential energy of a pair of molecules as a function of the distance 
between their centers of mass. 

ligure 2.18 shows the general form of the potential energy used to describe 
the interaction between two uncharged spherical molecules. The force between 
the two molecules at any separation is equal to the negative slope of the potential 
energy curve at that point. We see that if the zero of potential energy 1s taken 
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as that of two infinitely separated moleeules, the potential energy beeomes 
negative as the moleeules are brought together. After reaching a mmunum 
value the potential energy rises abruptly as the moleeules are brought still 
closer, and the foree between them becomes repulsive. 

An algebraic representation of the intermolecular potential energy curve 1s 


eal) -@)} 


and is ealled the Lennard-Jones potential funetion. In this expression, r is the 
separation of molecular centers, and the parameter € 1s equal to the mmrmum 
value of the potential energy, or to the “depth” of the potential energy “well,” 
as Fig. 2.18 shows. The distance parameter ¢ 1s equal to the minimum distance 
of approach of two molecules eollidmg with zero initial kinetie energy. In a 
sense it 1s a measure of the diameter of the moleeules. Aetually the true diameter 
of a moleeule is an ill-defined quantity, because two molecules can approaeh 
each other to the distanee at which their initial kinetic energy of relative motion 
is converted entirely to potential energy. If their imitial kinetic energy is large, 
then their distanee of elosest approaeh can be somewhat smaller than a. 
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Lennard-Jones intermolecular potential energy function for He, Ar, Kr. 


The values of the parameters € and o depend on the nature of the iteraeting 
moleeules. In general, both parameters inerease as the atomie number of the 
interaeting atoms inereases. Figure 2.19 shows the potential energy eurves for 
three of the inert gases. Note that € is of the same order of magnitude or some- 
What smaller than k7' at room temperature. This means that the average 
kinetie energy of gas moleeules is larger than the largest possible value of the 
attractive potential energy of a moleeular pair. Beeause moleeules are generally 
far apart at ordinary pressures the average potential energy of interaction is 
mueh less than the average kinetie energy, and consequently it 1s the latter 
that is largely responsible for the observed behavior of gases. 
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2.6 TRANSPORT PHENOMENA 


Determination of the equation of state of an imperfect gas can lead to a deserip- 
tion of the potential energy of interaction between molecules. In this section 
we shall find that the viscosity of gases, their ability to conduct heat, and the 
rate at which they diffuse into each other all can be related to the frequency of 
molecular collisions, and thus to the forces between molecules. Therefore study 
of these phenomena can provide additional information about the nature of 
intermolecular potential energy. 

The thermal conductivity of a gas is the rate at which it transports energy 
from a surface at a higher temperature to one at a lower temperature. The 
total rate of energy transport depends on the area of the surfaces, the tempera- 
ture difference AT and the distance Ad between them, so the specific thermal 
conductivity kK is defined by 


rate of energy transport per unit area = —k a (ergs/em?-sec). (2.19) 


Defined this way, x depends on the properties of the gas alone. 


Moving plate 


Gas between a moving and a 
Stationary plate. 





Stationary plate 


The viscosity of a fluid represents an internal friction that causes the effects 
of a motion through the fluid to be transmitted in a direction perpendicular to 
that of the motion. Consider Fig. 2.20, which shows a gas confined between a 
stationary and a moving plate. The motion of the upper plate causes the 
adjacent layer of gas to move as a whole with a velocity u. Layers of gas suc- 
cessively farther from the moving plate also move, but with steadily diminishing 
velocity. Because this motion is transmitted through the gas, the stationary 
plate feels a force in the direction of the motion of the upper plate. :xperiments 
show that this force per unit plate area is given by 


force per unit area = —y7 ~ (dynes/em?), (2.20) 


where Au/Ad is the amount by which the mass velocity u changes with distance 
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Ad from the moving plate, and 7 1s a proportionality constant called the coefficient 
of viscosity. Its value depends only on the nature of the gas. 

There is another way of looking at the viscosity phenomenon which makes 
the physical situation clearer. The reason why the stationary plate feels a 
force is that the gas molecules at the upper moving plate acquire an extra 
momentum mu in the direction of the plate motion. If these molecules could 
proceed unhindered to the stationary plate, they could transfer their extra 
momentum to it, and thereby exert a force on it. They are, to a certain extent, 
prevented from doing this by collisions which tend to randomize the direction 
and amount of their extra momentum. The viscosity coefficient is a measure 
of how efficient momentum transport Is. 

We have noted earlier that when a partition separating two different gases 
at the same pressure 1s removed, the gases move mto each other and mix by 
diffusion. The net rate at which one gas moves across an Imaginary surface 
into the other gas depends on the area of the surface, the concentration change 
per unit length, and the nature of the gases. Thus 


rate of diffusion per unit area = —D (molecules/sec-cm’”), (2.21) 


where An/Ad is the concentration change per unit length, and D is a propor- 
tionality constant, called the diffusion coefficient, which depends on the nature 
of the gases. 

Just as thermal conductivity is the transport of energy, and viscosity 1s 
caused by the transport of momentum, diffusion 1s the transport of matter. 
We should be able to use the kinetic theory of gases to express the transport 
coefficients x, 7, and D in terms of more fundamental quantities of molecular 
motion. It is clear that collisions between molecules must be important in the 
determination of the values of the transport coefficients. We know, for example, 
that even though the average speed of a molecule is roughly the speed of sound, 
it takes a long time for a malodorous substance to diffuse across a room. That 
rapid transport of material does not occur must be a consequence of inter- 
molecular collisions. 


The Mean Free Path 
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Let us see how collisions affect the motion of molecules. In lig. 2.21 a particular 
gas molecule has been singled out and its trajectory plotted. Each segment of 
its trajectory between collisions is called a free path. It is clear that since these 
free paths are of finite length, the progress of the molecule in any one direction 
is inhibited. We are interested in computing the average value of the length of 
these free paths, or the mean free path. 

To accomplish this we consult Fig. 2.22, where the motion of one “hard- 
sphere” molecule relative to its fellows is represented. The molecule of interest 
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Molecular free paths. 





moves through the gas and collides with any other molecule whose center-to- 
center distance is less than p, the molecular diameter. Thus the interesting 
molecule sweeps out per unit time a collision cylinder whose cross-sectional 
area is 7p”, and whose average altitude is @, the average speed of the molecule. 
A collision will occur with any molecule whose center lies in this cylinder. 


Collision cylinder swept out by 
a molecule. Molecules whose 
centers are within the cylinder 
would undergo collision. 





Thus, if 2 is the average number of molecules per cc, the average number of 
collisions per second experienced by the molecule of interest is 


collisions/see = volume of collision cylinder X molecules/unit volume = mp7én. 


The mean free path \ is the average distance traveled by the molecule per 
unit time divided by the average number of collisions per unit time: 


a (2.22) 


lor a numerical estimate of p, the molecular diameter, we can use the Lennard- 
Jones potential parameter o, which experiments show is roughly 3 X 107° em 
for many molecules. We find that at l-atm pressure (n = 3 X 10!% mole- 
cules/cc) the mean free path ts 


_ l peas 
ERO ERST Soe — ee 


Here we find the reason for the low rate of diffusion and the poor thermal 
conductivity of gases. Any one molecule in a gas at atmospheric pressure can 
travel only 10~° cm before its trajectory is interrupted, perhaps reversed. 
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FIG. 2.23 
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Now let us see how the diffusion coefhcient is related to the mean free path. 
As defined by Eq. (2.21) the diffusion coefficient has the units cm/sec, sinee 
the units of An/Ad are molecules/em*. Now if we imagine that D must increase 
with the mean free path and the molecular speed, then the units of D tell 


us that 
2 2 
v(t) <n(@) 
see see 


That is, the diffusion constant is proportional to the average moleeular speed @ 
and the mean free path X. 





n{+A)=n(0)+a an a —_ r Ta 
» 
n,{0) ? Reference plane 
7 » 
nd —d)=n,(0)—2 22°—---------_ aa — 


The transport of molecules across a reference plane. The quantities ni{(+ A) and ni(—A) 
are the concentrations of molecules ata distance of \ above and below the reference plane, 
respectively. 


It is not dificult to determine the proportionality eonstant between D 
and A¢. We imagine a physical situation in which a gas has uniform pressure, 
but eontains a radioactive isotope whose concentration n; 1s a function of the 
distanee d, as shown in Fig. 2.23. The rate at which this isotope diffuses is the 
difference between the rates at whieh its moleeules pass through the median 
reference plane, from above and from below. If there are 7; isotopic molecules 
per unit volume, one-third have velocities along the d-coordinate, and half of 
these have velocities in the +d-direction, the other half in the —d-direction. 
The rate at which molecules cross a unit area in one direction is Just n/6 times 
their speed ¢, or né/6. However, molecules which cross the reference plane from 
above have, on the average, experienced their last collision at a distance A, or 
one mean free path, above the plane. At this point the eoncentration of isotopie 
moleeules 1s 


An; 


where n;(O) 1s the concentration of molecules in the reference plane. The number 
of molecules/cm?-see crossing the reference plane from above is then 


1. An; 
6 s| nO) = A Ane 
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A similar argument apphes to molecules crossing the reference plane from below, 
except that at a distance » below the reference plane, the concentration of 
molecules is 


An; 


n;(0) = er : 





Therefore the upward flux is 


= 6 GO) ae 
6 Ad 


We now take the difference between upward and downward fluxes: 








i Ans!) 1 ly. ud: 
net flux = 6 5} nO) a ans] x G6 5) n(0) ee xs 
ie Ane 
Bees 
By definition, 
net flux = —D ~ 
so we get 
RNC. 


Now, in addition to the functional relation between D, \, and ¢, we have the 
proportionality constant. Note one very important point: the mean free path \ 
is determined by the fotal concentration of all molecules (\ = 1/n,7p?), not 
just by the concentration of the diffusing isotope. 


Question. Would you expect gases to mix by diffusion more rapidly at lower than at higher 
pressure? Would the mixing rate increase or decrease with increasing temperature? 


The viscosity effect depends on the ability of the gas to transport momentum. 
Thus it is to be expected that the expression for the viscosity coefficient 4 should 
involve the mass of the molecules. Dimensional aualysis of Eq. (2.20), 


_, au 
oe 


gm-cm/sec*-cm” = 7 cm/sec-em, 


force/area = (2.20) 


shows that 7 has the dimension of gm/cm-sec. This can be achieved by writing 


n & nme, (223) 


gm/sec-em « (molecules/cm®*)(gm/molecule)(cm/sec) (em). 


This result, obtained by dimensional analysis alone, shows how the viscosity 
coefficient of a gas depends on its mass, concentration, mean free path, and 
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Table 2.6 Lennard-Jones potential constants* 


Determined from Determined from 
viscosity virial coefficients 


e/k(°K) a{A) e/k(K) a(A) 















2.56 6.03 2:63 


Ar 124 3.42 120 3.41 
Xe 220 4.06 221 4.10 
Ho SIG 6) 2.97 Zone 2.87 
No oie> 3.68 95.1 2.70 


oo 


3.43 ul? 3.58 , 


*The parameter € is divided by Boltzmann's constant k 
to facilitate the comparison of the magnitude e, the 
attractive interaction between molecules, with their 
kinetic energy of motion kT. 


average speed. Note that the product of concentration and mean free path 
reduces to 1/mp*, where p is the molecular diameter. 

We can obtain the numerical value of the proportionality constant in 
Eq. (2.23) by the same technique that was used to find the diffusion coefficient. 
The quantity being transported is the momentum mu. The average values of 
this momentum at distances of one mean free path above and below an arbitrary 
reference planc are respectively 


Au Au 
m (. +- a) and m (. — a) 


where wis the average velocity in the reference plane. In each of these planes, 
n/6 of the molecules (per cc) are moving in one direction along d, with average 
specd ¢ Therefore, to get the net momentum transport through the reference 
plane, we multiply each of the above quantities by n@/6, and take the difference 
between them, thereby obtaming 


1 Py!) 
momentum transport rate per unit arca = — 3 nmeXr a 
By definition, 
: Au 
MOMentimM wansport rate per unitanesn — —7 a 


so we have 
7 = gnmer, 


which gives us a direct numerical relation between the gas viscosity coefficient 
and the molecular parameters. 


Question. If » for He gas is 0.93 X 10-4 g/cm-sec at 298°K, what is the approximate 
diameter of the hydrogen molecule? 
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By recognizing that thermal conduetivity is energy transport by moleeular 
motion, we ean determine the way in whieh the thermal conductivity cocffieient 
x depends on moleeular properties. We select an arbitrary reference plane in a 
gas which has been subjected to a temperature difference. The temperature in 
this referenee plane is 7’, and the corresponding average energy of the moleeules 
is c,/’, where c, 1s the heat eapaeity per molecule. At distances of one mean 
free path above and below the referenee plane, the average energies of a 


moleeule are 
A AT 
(7 +225) and (7 — $5). 


Above the reference plane 7/6 molecules/cc are proeceding downward with an 
average speed €, and below the referenee plane, the same number of molecules 
is moving upward with the same speed. The net rate of energy transport is 
then the differenee between the average energy at these two planes, multiplied 
by n¢/6. We get 


rate of energy transport per unit area = — = néc,A 


3 Ad 


 ? ae 


Therefore 
Kk ——aAniecy A 


whieh is the relation between the thermal econduetivity coefhicient and the 
molecular properties. 
Question. Which should have the higher thermal conductivity, Het or He®? Given that 


D2 and He have nearly the same collision diameter, which should have the higher thermal 
conductivity? 


Derivation of the Virial Equation of State 


We ean use the virial theorem to indicate how the virial equation of state for 
nonideal gases is derived. Al] that is neeessary is to inelude in the vinial the 
eontributions from the forees between the molecules. From the virial theorem 
we get 

(KE) = virial from walls + virial from intermoleeular forces 


— ePV ea 3 OD rF'(r)) molecules: (2.24) 


Here we have assumed that the force F(r) that molecules exert on eaeh other 
depends only on their separation r, and has its only eomponent along r. These 
intermoleeular forees ean come from pairs of molecules interacting, and triplets 
of molecules, and quartets, and so on. For simplicity we will consider only the 
most important interaetion which is the one between pairs. Then the quantity 
rF(r) must be summed over all moleeular pairs. 
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We proceed in the following manner. If N 1s the total number of molecules, 
the total number of pairs of molecules is 4N(N — 1) & 4N°. The factor 4 
compensates for the fact that N(V — 1) counts each molecular pair twice. 
To calculate the virial we need the number of pairs which are separated by a 
distance r, or more properly, lie in a spherical shell of radius r and thickness Ar. 
This number is proportional to the volume of this shell 4arr? Ar, divided by the 
total volume V of the vessel. We also expect that the number of pairs separated 
by r will depend#on the potential energy ¢(r) of molecular interaction at r 
through a Boltzmann factor exp [—¢/kT']. Thus we write 


5 x( » rE) = 5 N" fa rig ete? (25> 


pairs 


where now we can calculate the intermolecular vinal by summing over all 
values of r. This can be done by either calculus or numerical calculation, but 
is, in general, a difficult process which we will not attempt. Instead, we will 
merely introduce the symbol] 38 to stand for this calculation, and get 


J] 3 N? oe 
9 we Ch @)) rae = oye B Pie B. 
In the last step we have defined n?B as N78, where n is the number of moles. 
We now substitute our result in Eq. (2.24): 


3 n° 


| sega 
(KE) = 5 3 py es 


Rearranging and evaluating (IVE), we get 
ra 2 api ™ B 
3 Vy” 


= 
PY = nRT + +> B 


aa n Bb ae 

nRT a V RT =" a C2) 
The right-hand side of Eq. (2.26) contains the first two terms of the vinal 
equation of state. We see clearly now that the first correction term nB/V to 
the ideal gas equation does indeed arise from imteraction between pairs of 
molecules. Jn addition, we have an explicit expression by which it is possible 
to calculate the second virial coefficient B from the intermolecular potential. 
We can also see that if we were to include the contributions of triplets of 
molecules, a term proportional to N(N — 1)(N — 2) &N® and to 1/V? 
would appear in the virial, and correspondingly, a term n?C/V* would be added 


to Eq. (2.26). 
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Questions. Evaluate the second virial coefficient for a gas of hard spheres from Eq. (2.25). 
In this particular case, ¢ =O for all accessible r, and F =O for all r axcept r= p, the 
molecular diameter, so only one value of r contributes to the sum in Eq. (2.25). The quan- 
tity ArF may be set equal to kT, the average energy with which molecules collide. Compare 
your result with the expression for the van der Waals constant b. 


2.7 CONCLUSION 


In this chapter we have examined the relations that deseribe the behavior of 
gases, and agam have come upon an illustration of the origin and signifieanee 
of scientific laws. The laws of Boyle and of Charles and Gay-Lussae, like the 
laws of ehemical combination, are derived from experimental measurements, 
and are accurate only in eertain restricted experimental situations. To deal 
accurately with a greater variety of situations, the ideal gas laws are amended 
or modified, again on the basis of experimental measurements, and the van der 
Waals, or virial equations of state replaee PV = nRT. Asa practieal matter, 
however, 1t 1s often acceptable to use the ideal gas equation of state for ap- 
proximate calculations, providing the deviations from ideal gas behavior are 
not severe. 

The kinetic theory of gases is an cxample of the sueeessful explanation of 
the behavior of a macroscopic system in terms of the properties of its miero- 
scopic constituents. That is, we ean elaim to “understand” why gases obey 
Boyle’s law, because we can show that this law is a mathematieal eonsequence 
of picturing gaseous molceules as small bodies in incessant random motion. 
We can say, as a result of the insight provided by the kinetie theory of gases, 
that gas pressure inereases as volume deereases, because moleeules eollide with 
the walls of a smaller container more frequently. Similarly, the reason gas 
pressure increases with increasing temperature is that raising the temperature 
increases the average speed of the moleeules, and thereby inereases the rate of 
wall collisions and the average momentum ehange upon collision. Moreover, we 
have seen how a theory relates a variety of observed phenomena to eaeh other. 
The cquation of state and the processes of diffusion, viscosity and thermal con- 
ductivity all are shown to be eonscquenees of the properties of molecules by 
the kinetic theory of gases. , 

Within the structure of the kinetic theory of gases, we have eneountered 
several representations, or “models” of what molecules are like. As noted in 
Section 2.2, a model is a construet of the human mind, and incorporates only 
the most important features of the real entity it represents. To derive Boyle’s 
law, we used a model that pictures molecules as point masses. While elearly 
unrealistic, this model is useful because 1t possesses only the properties required 
to derive Boyle’s law. Indeed, it is the suceess of this simple model that shows 
us that mass and motion are the molecular properties responsible for Boyle’s 
law. 

To aeeount for other macroscopic behavior, it 1s necessary to use a more 
refined modcl for molecules. Picturing molecules as spheres of finite volume 
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that attract each other leads to explanations of deviations from the ideal gas 
law, and to an understanding of viscosity, thermal eonductivity, and diffusion. 
A further refinement is to introduee au algebraic form sueh as the Lennard- 
Jones expression to represent the potential energy of interaction between 
molecules. This most detailed model allows us to account for the subtle features 
of equations of state and transport properties. 

Whieh model is best? This question does not have a single answer, for the 
best model is often the one whieh allows us to discuss most simply the properties 
in which we are interested. To find the equation of state for a low density gas 
we need only the point mass model: the Lennard-Jones model is needlessly 
complicated for this problem. Only to discuss the finer details of equations of 
state and transport proeesses do we need the most refined pieture of molecules. 
Throughout our study of chemistry we shall use a variety of models for mole- 
cules, some of them of extreme simplieity. We must be eareful to recognize the 
simplifying features, the justification for introdueing them, and the limitations 
they impose. 
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2.1 An ideal gas at 650 mm pressure occupied a bulb of unknown volume. A certain 
amount of the gas was withdrawn and found to occupy 1.52 ce at l-atm pressure. 
The pressure of the gas remaining in the bulb was 600 mm. Assuming that all measure- 
ments were made at the same temperature, calculate the volume of the bulb. 


2.2 A sample of nitrogen gas is bubbled through liquid water at 25°C and then 
collected in a volume of 750 cc. The total pressure of the gas, which is saturated with 
water vapor, is found to be 740 mm at 25°C. The vapor pressure of water at this 
temperature is 24 mm. How many moles of nitrogen are in the sample? 

2.3 When 2.96 gm of mercuric chloride is vaporized in a 1.00-liter bulb at 680°K, 
the pressure is 458 mm. What is the molecular weight and molecular formula of 
mercuric chloride vapor? 

2.4 Gaseous ethylene, CoH4, reacts with hydrogen gas in the presence of a platinum 
catalyst to form ethane, CoH6, according to 


CoHa(g) + Hol(g) = CeHe(g). 


A mixture of CoHy and He known only to contain more He than CeHy4 had a pressure 
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of 52mm in an unknown volume. After the gas had been passed over a platinum 
catalyst, its pressure was 34 mm in the same volume and at the same temperature. 
What fraction of the molecules in the original mixture was ethylene? 


2.5 A gaseous compound which contains only carbon, hydrogen, and sulfur is burned 
with oxygen under such conditions that the individual volumes of the reactants and 
products can be measured at the same temperature and pressure. It is found that 
3 volumes of the compound react with oxygen to yield 3 volumes of COs, 3 volumes of 
SO, and 6 volumes of water vapor. What volume of oxygen is required for the com- 
bustion? What is the formula of the compound? Is this an empirical formula or a 
molecular formula? 


2.6 A gaseous compound known to contain only carbon, hydrogen, and nitrogen is 
mixed with exactly the volume of oxygen required for the complete combustion to 
COe, H20, and No. Burning 9 volumes of the gaseous mirture produces 4 volumes of 
COo2, 6 volumes of water vapor, and 2 volumes of No, all at the same temperature 
and pressure. How many volumes of oxygen are required for the combustion? What 
is the molecular formula of the compound? 


2.7 A mixture of methane, CH4, and acetylene, CoHo, occupied a certain volume at 
a total pressure of 683 mm. The sample was burned to COg and HoO, and the COe 
alone was collected and its pressure found to be 96 mm in the same volume and at the 
same temperature as the original mixture. What fraction of the gas was methane? 


2.8 Scandium (Sc) metal reacts with excess aqueous hydrochloric acid to produce 
hydrogen gas. It is found that 2.41 liters of hydrogen, measured at 100°C and 722-mm 
pressure are liberated by 2.25 em of scandium. Calculate the number of moles of He 
liberated, the number of moles of scandium consumed, and write a balanced net 
equation for the reaction that occurred. 


2.9 A mixture of hydrogen and helium is prepared such that the number of wall 
collisions per unit time by molecules of each gas is the same. Which gas has the higher 
concentration ? 


2.10 A good vacuum produced in common laboratory apparatus corresponds to 
10-®-mm pressure at 25°C. Calculate the number of molecules per ce at this pressure 
and temperature. 


2.11 By assuming that the molecular diameter is given by the o of the Lennard-Jones 
potential, and that ¢ is equal to the root-mean-square speed, calculate the number of 
collisions experienced per second by a nitrogen molecule in a gas at 25°C and at pres- 
sures of 1 atm, 0.76 mm, and 7.6 X 107-& mm. Repeat the calculation for He at 1 atm. 


2.12 <A balloon made of rubber permeable to hydrogen in all its isotopic forms ts filled 
with pure deuterium gas (De or H3) and then placed in a box that contains pure He. 
Will the balloon expand or contract? 


2.13 Calculate the root-mean-square speed, in em/see and at 25°C, of a free elcetron 
and of a molecule of UF 6. 


2.14 By using the o of the Lennard-Jones potential as an estimate of molecular 
diameter, caleulate the mean free path of a nitrogen molecule at 25°C and at the 
following pressures: 1 atm, 1 mm, 107° mm. 


2.15 In the derivation of Boyle’s law by the kinetic theory, we assumed that the 
molecules collide only with the walls of the vessel, and not with each other. How 
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inust the mean free path and the distanee between the walls compare in order for this 
assumption to be valid? At what @as pressure is this relation satisfied for molecules 
of 3-4 diameter and at 25°C in a 10-em cubieal vessel? 

2.16 It is a matter of common experience that liquids become more viscous as their 
temperature is lowered. Assumimg the concentration of molecules to be fixed, would 
you expect this to be true in general for gases?) Why? 

2.17 Explain why gaseous hehum is a better heat conductor than is xenon. Jf Hoe 
and De (H5) both have the same molecular diameter, which should be a better con- 
duetor of heat? 

2.18 One of the first triumphs of the kinetie theory of gases was the correct prediction 
that the coefficient of viscosity 7 should be independent of gas pressure at a fixed 
temperature. On the other hand, the expression for 7 derived in this chapter contains 7, 
the concentration of molecules, as an explicit factor. Why is it then that 7 1s indepen- 
dent of pressure or concentration? 


2.19 The first evidence that the noble gases are monatomic elements involved inter- 
pretation of their measured heat capacities. Explain how such data can lead to such 
a conclusion. 


2.20 Equation (2.18) is an approximate equation of state for real gases. Examine 
this equation and then give a condition which, if satisfied by the temperature, leads 
to the prediction that PV/RT = 1, despite gas imperfection. The temperature which 
satisfies this condition is called the Boyle point. By using data given in Table 2.5, 
calculate the Boyle temperature for nitrogen. 


2.21 The Maxwell-Boltzmann distribution funetion can be written 


AN _ 2 (me paseo.” 
No /_ \QkT 2kT 


Plot me?/2kT as a function of me?/2kT, and by consulting a table of the exponential 
‘ 2/91. : rie 

function plot e7~™°"/24? as a function of me?/2kT. By examining these two curves, 

sketch the product of the two functions. 








2.22 Real gases follow the equation of state PV = RT only when their pressure 
is very low. Using the data given for COg and Og below, show graphically that for a 
constant temperature of 0°C, PV is not a constant as predicted by the ideal gas law. 
This is best done by plotting PV as a function of P on a scale sufficiently expanded 
to show variations in PV. From your graph determine the value that RT should have 
for all ideal gases at O°C. Determine from your graph the constants in the empirical 


equation of state PV = A+ BP for COs. 


O2, P(atm) PV(liter-atm) CO2, P(atm) PV(titer-atm) 
1.0000 22.3939 1.00000 22.2643 
0.7500 22.3987 0.66667 22.3148 
0.5000 22.4045 0.50000 22,5997 
0.2500 22.4096 033333 22.3654 

0.25000 22.35/75 
0.16667 22.3897 
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What percent error in the volume of one mole of CO2 at l-atm pressure would be 
maade by using the ideal value of PV and ignoring ga+ imperfections? 


2.23 By a procedure similar 19 the one used in Problern 2.22, the value of PV for 
an ideal gaz at 100°C ha- Leen found to be 30.6194. If the empirical relation PV = 
J — Ut, where ‘ ir the temperature in degree: celiu-. is assumed to hold, determine 
the values of j and & for an ideal ga+ from the information you have. From these 


values of j and k determine R. and the value of T. the absolute temperature at 07°C. 





CHAPTER 3 


THE PROPERTIES 
OF SOLIDS 


The outstanding macroscopic properties of gases are compressibility and fluidity. 
We have seen that the kinetic molecular theory accounts for this macroscopic 
behavior in terms of a microscopic picture whose central feature is the chaotic 
motion of independent molecules—molecules which rarely exert appreciable 
forces on each other. In contrast, the most noticeable macroscopic features of 
crystalline solids are rigidity, ncompressibility, and characteristic geometry. 
We shall find that the explanation of these macroscopic properties in terms of 
the atomic theory involves the idea of a lattice: a permanent ordered arrange- 
ment of atoms held together by forces of considerable magnitude. Thus the 
extremes of molecular behavior occur in gases and solids. In the former we have 
molecular chaos and vanishing intermolecular forces, and in the latter we have 
an ordered arrangement in which the interatomic forces are large. 
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There are substances such as sodium chloride, sugar, and elementary sulfur 
that not only possess the properties of rigidity and incompressibility, but also 
occur naturally in characteristic geometric forms. These are the crystalline 
solids, and they are to be distinguished from the amorphous materials such as 
glass, rubber, plexiglass, or any of the other plastics. These amorphous ma- 


A two-dimensional lattice of spherical atoms. 
Resistance to shear is different in the indicated 
directions. 





terials possess some of the meehanieal properties commonly associated with the 
word “solid,” but do not occur in regular characteristic shapes. FEven more 
important, amorphous materials are 7sotropic; them properties, sueh as meechan- 
ieal strength, refractive index, and eleetrical eonductivity, are the same in all 
directions. This is a feature which they hold in common with liquids and gases. 
Crystalline solids are quite different, for they are anisotropic; their mechanical 
and eleetrical properties do depend, in general, on the direetion along whieh 
they are measured. 


——)_ §- ==] CG) 


Ac) a) A possible packing scheme for long molecules. 


The anisotropy of crystals is important, for it, perhaps more than any other 
maeroseopie property, provides a strong indication of the existence of ordered 
atomie lattices. Consider Tig. 3.1, which shows a simple two-dimensional 
lattice consisting of only two kinds of atoms. Mechanieal properties sueh as 
the resistanee to a shearing stress might be quite different in the two directions 
indieated. Deformation of the lattiee along one of the directions involves dis- 
placing rows that are made up of alternate types of atoms, while in the other 
direetion eaeh of the displaeed rows consists of one type of atom. Thus even 
though the eonstituents of the lattice are spherical atoms, the crystal itself may 
be anisotropic. Contrast this with the situation found m lhquids and gases, 
where the “arrangements” of the partieles are random and disordered. Due to 
the moleeular chaos, all direetions are equivalent, and all properties of liquids 
aud gases are the same in all directions. 

The properties of some erystals refleet the asymmetry of their eonstituent 
molecules. Jigure 3.2 represents a situation in whieh long thin molecules are 
paeked parallel to each other in the erystal lattice. It is inevitable that the 
lattice arrangement is one which will magnify this moleeular anisotropy into a 
maeroseopieally observable property. A well-known substanee in whieh this 
effeet appears is the mineral asbestos, which has properties refleeting the long 
fiberlike strueture of its individual molecules. 
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FIG.3.2 
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There is another maeroseopic property which permits a clear distinction 
between crystalline and amorphous substanees. Crystalline solids have sharp 
melting points; the mechanical properties of a erystal ehange only shghtly up 
to a eharaeteristic temperature at whieh it melts abruptly and becomes a liquid. 
Amorphous materials do not have sharp melting points. lor example, as its 
temperature is raised, glass gradually and continuously softens and starts to 
flow. The absence of a sharp melting point suggests that glass and most other 
amorphous materials are best thought of as (?quids at all temperatures. Indeed, 
we shall find that the atomic arrangement in amorphous substances has none 
of the order found in the erystalline lattices, but rather shows a disorder which 
is charaeteristic of iquids. Consequently, the word “solid” is used in the most 
restrictive scientifie sense to refer to ervstallme materials only, 


Crystal Sizes and Shapes 


FIG. 3.3 
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The erystalline state is easy to recognize In many mstances, partreularly in the 
naturally oceurring minerals. The well-defined eharaeteristic angles and faces 
of the natural quartz erystals shown in lig. 3.3 suggest that they are a con- 
sequenee of an ordered internal lattiee. At other times, sohd materials oeeur as 
powder, lumps, or agglomerates that in many ways resemble amorphous sub- 
stanees, but when an individual particle is examimed under a mieroscope, the 
characteristic angles of a ervstal may become obvious. Therefore, we must be 
careful to distinguish between amorphous and polycrystalline solids. In the 
latter, individual erystals with their ordered atomie lattices exist, but are so 
small as to be unreeognizable except under a mieroseope. Afetals often oecur m 
the polyerystalline condition. }igure 3.4 shows the etehed surface of a sample 
of eopper. The boundaries of the individual erystal grains are obvious, even if 
rather irregular. Sinee the individual erystals are randomly oriented, a metalhie 
sample may appear to be isotropie, even though a smele erystal is anisotropic. 





Natural quartz crystals. 
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Etched surface of copper showing microcrystalline structure. 


The size of the erystals of a given substance can vary enormously, and is 
profoundly influenced by the conditions under which the crystal 1s formed. 
In general, slow growth from a solution which is only slightly supersaturated 
favors the formation of large crystals. Tor this reason the natural crystals of 
minerals formed by geological processes are often very large. On the other 
hand, the crystals formed in laboratory precipitation reactions are very small, 
for they are often formed very rapidly from solutions which are greatly super- 
saturated. Tor example, when the slightly soluble salt barium sulfate is pre- 
cipitated by mixing aqueous solutions of barium chloride and sulfurie acid, the 
solid barium sulfate particles are so small and ill-formed as to be virtually 
unrecognizable as crystals, even under microscopic examination. The quahty of 
these crystals can be improved, however, by letting them “age” in the presence 
of their saturated solution. During the aging process, the smaller imperfeet 
crystals, being relatively unstable, tend to dissolve, and the larger more stable 
crystals tend to grow. Thus, as a result of a continuous redissolving and repre- 
cipitation, a precipitate of virtually amorphous material can be converted to a 
polyerystalline substance. 

It appears that the s7zes of crystals reflect the conditions of growth, rather 
than the internal constitution of the erystal. The shape of a erystal is more 
characteristic of the material itself, but is still subject to some influence by the 
growth conditions. I°or example, sodium chloride crystals that are carefully 
grown by suspending a seed crystal in a shghtly supersaturated solution are 
invariably cubic in shape, as shown in Tig. 3.5(a). On the other hand, sodium 
chloride crystals grown at the bottom of a beaker are square plates whose 
thickness is never greater than half their width, as shown in Fig. 3.5(b). This 
shape is a consequence of the fact that crystals resting on a surface can use all 
four sides to grow im the horizontal directions, but can use only the top to grow 
vertically. Thus the growth rate in either of the two horizontal orientations 1s 
twice that in the vertical direction. 
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FIG. 3.5 


FIG. 3.6 





(b) 


Shapes of sodium chloride crystals grown under differing conditions. 


The influence of the environment can be even more subtle. When sodium 
chloride crystals are grown suspended in a solution which contains urea, they 
take the form of the regular octahedra shown in fig. 3.5(c).. While the appear- 
ance of sodium chloride crystals at one time as cubes and at another as octahedra 
may seem to suggest that crystal shape is unrelated to the internal arrangement 
of the atoms, this is not true. In the first place, the cube and the octahedron 
are related geometrically, for an octahedron can be formed from a cube by 
cutting off the corners as illustrated in Fig. 3.6. Second, the angle between the 
octahedral faces of all sodium chloride erystals is always the same, and 1s never 
altered by changing external conditions. The invariance of the angles between 
a given set of crystal faces is a universal property of solids. It appears, then, 
that subject to external conditions, crystals may assume a variety of shapes, 
but that the angles between two characteristic faces are always the same, and 
thus must be determined by fixed geometry of the lattice itself. 


Relation between the cubic and octahedral faces 
of acrystal. The octahedron can be obtained by 
shearing off the corners of the cube. 
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We have emphasized that the existence of an ordered lattice is responsible for 
two of the characteristic macroscopic properties of crystalline solids: their 
anisotropy and their characteristic geometry. It seems inevitable that the more 
detailed features of solids should be closely related to the nature of the forces 
which hold the crystal lattice together. Accordingly, we find it useful to dis- 
tinguish between ionic, metallic, molecular, and covalent network solids, and 
to associate a sect of characteristic properties with each of these bond types. 
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The object of this classification scheme is to provide a framework for recogniz- 
ing and systematizing similaritics and diffcrences in the properties of the various 
solids. If definite macroscopic properties can be associated with each bond 
type, we might eventually be able to usc macroscopic behavior as a diagnostic 
tool to determine the type of bond which exists in new substances. However, 
we must remember that this classification scheme is somewhat arbitrary, and 
thus there may be substances that do not clearly fit into one of the four classes. 


lonic Crystals 


In ionic crystals the repeating units of the lattice are positively and negatively 
charged fragments arranged so that the potential energy of the ions in the 
lattice positions is lower than when the ions are infinitely separated. There are 
many types of stable ionic lattice arrangements. One of the most common, 
which occurs in sodium chloride and many other alkali halides, is shown in 
Fig. 3.7. It is important to note that each ion of a given sign occupies an equiva- 
lent lattice position, and that there are no discrete groups of atoms, or molecules, 
in the crystal. In effect, each ion of a given sign is bonded by the Coulomb 
force to all ions of the opposite sign in the crystal. The amount of energy 
necessary to evaporate some typical ionic crystals to their separated ions 1s, 
as Table 3.1 shows, of the order of 200 kcal/mole. This is a relatively large 
binding energy, and it is responsible for the fact that ionic crystals have vanish- 
ingly small vapor pressure at room temperature, and melt and boil only at 
relatively high temperature. 





The sodium chloride structure. 





Ionic crystals generally tend to be hard and brittle, and we can find an 
explanation for this in the nature of the Coulomb forces between the ions. In 
order to distort a perfect ionic crystal, two planes of ions have to be displaced 
relative to cach other. Depending on the nature of the moving planes and 
their direction of motion, a displacement may bring ions of the same charge 
close to each other. When this occurs, the cohesive forces between the two 
planes are replaced with a strong Coulomb repulsion, and as a result the crystal 
fractures. 
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Table 3.1 Cohesive energy of crystals 


Energy required to 
separate ions 


lonic crystals (kcal/mole) 
LiF 246.7 
NaCl 186.2 
AgCl 216 
ZnO 964 
Energy required to 
Molecular crystals separate molecules 
Ar 1.56 
Xe 3.02 
Cle 4.88 
C02 6.03 
CH4 1.96 
Covalent network Energy required to 
crystals separate atoms 
C(diamond) 170 
Si 105 
Sid2 A433 
Energy required to 
Metallic crystals separate atoms 
Li 38 
Ca 42 
Al 77. 
Fe 99 
W 200 


However, there are planes which can be moved relative to one another with- 
out bringing ions of the same sign into opposition. Examination of Fig. 3.8 
shows that there are planes in sodium chloride that are made up of “sheets” of 
sodium ions alternating with “sheets” of chloride ions. Motion of these planes 
in a direction parallel to these rows of ions does not bring ions of the same 
eharge directly opposite each other. Consequently, shppage of these planes 
relative to eaeh other is the easiest way of distorting the crystal. However, 
even along this most favored direetion, distortion of the crystals requires a 
large force, for any motion of ions relative to each other is resisted by the large 
Coulomb forces which tend to hold the ions in their lattice sites. 

Another identifying characteristie of ionic crystals is that they are electrical 
insulators at low temperatures, but good electrical conductors when they are 
melted. Once again, the ionic bonding model provides a simple explanation. 
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The sodium chloride structure. The FIG. 3.8 
planes marked consist of alternating 

sheets of sodium ions and chloride 

ions. 





In the solid state, there seems to be no obvious mechanism by which an ion ean 
move under the influence of an electric ficld without a considerable expenditure 
of energy. In the perfect crystal, all ions oceupy well-defined positions, and in 
moving from Its lattice site through the crystal, an ion would follow a tortuous 
path which brings 1t close to ions of the same charge. In the liquid state, how- 
ever, the arrangement of 1ons is more disordered and less dense, and their 
motion under the influence of an electric ficld is greatly facilitated. 


Molecular Crystals 


In molecular crystals, the repeating unit 1s a chemieally identifiable atom or 
moleeule which does not earry a net charge. The cohesion of these crystals is 
a consequence of the van der Waals forces that we discussed in Chapter 2. 
Van der Waals forces are considerably weaker than the attractive Coulomb 
force between two ions, and consequently the binding energy of molecular 
crystals is relatively small, as the examples in Table 3.1 show. Sincc so little 
energy 1s required to separate the individual moleeules, these crystals tend to be 
rather volatile, and have low melting and boiling points. As we diseussed in 
Chapter 2, the magnitude of van der Waals forces can vary considerably, 
depending on the number of eleetrons and the polarity of the molecules. As a 
result, even though a solid which is volatile is very likely to be a molceular 
crystal, not all molecular crystals are volatile. 

Molecular crystals generally tend to be soft, compressible, and easily dis- 
torted. These properties too are consequences of the relatively weak mtermo- 
lecular forces, and their nondirectional nature. That 1s, all nonpolar molecules 
have an attraction for each other whose magnitude is not very scnsitive to 
molecular orientation. Thus two plancs of a molceular crystal can be moved 
past cach other without signifieant dimimution of the attractive forces between 
them. Since the energy of the intermediate positions is not mueh greater than 
that of the stable positions, the distortion requires little encrgy expenditure. 
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Molecular crystals are, in general, good electrical insulators. The molecules 
themselves have no net electrical charge and thus cannot transport electricity. 
Moreover, the very cxistence of discrete molecules implies that the clectrons 
tend to be localized about a specific set of nuclei. Consequently, there are no 
charged particles, either ions or electrons, that are free to move in an electric 
field and conduct electricity. 


Covalent Network Solids 


FIG. 3.9 
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Crystals in which all the atoms are linked by a continuous system of well-defined 
electron-pair bonds are called covalent network solids. The most familiar 
example is the diamond crystal, in which each carbon atom is covalently bonded 
to four other atoms, as Tig. 3.9 demonstrates. The result is a rigid three- 
dimensional network which links each atom to all the others. In effect, the 
entire crystal is a single molecule. 


The diamond structure. Each atom is linked directly 
to four others. 





In some crystals there are two-dimensional infinite covalent networks. The 
best-known example is the graphite structure shown in Fig. 3.10. Each carbon 
atom 1s covalently bonded to three others in such a way that all atoms in a 
single plane are linked in a sheetlike structure. In the graphite crystal, these 
infinite sheets of atoms are packed in a layer structure in which the attractive 
forces between different layers are of the van der Waals type. 

Table 3.1 shows that the energy needed to separate typical network solids 
into their constituent atoms can be as great as 200 kcal/mole. Consequently, 
these materials, hke ionic substances, are extremely involatile and have very 
high melting points. Moreover, covalent bonds have very noticeable directional 
propertics. That is, a central atom forms strong covalent bonds with its 
neighbors only 1f they occupy certain fairly specific locations. Therefore any 
significant distortion of a covalent network solid involves the breaking of 
covalent bonds, which requires considerable amounts of energy. As a result, 
network solids are the hardest and most incompressible of all matertals. 
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With respect to volatility and mechanical properties, infinite covalent net- 
work crystals are very similar to ionic solids. Therefore, the fact that a sub- 
stance is very hard and has a high melting and boiling point does not tell us 
what type of bonding exists in the crystal. However, we can use electrical 
properties to distinguish between ionic and covalent network solids. Both 
types are elcctrical insulators at low temperatures. Ionic substances become 
good electrical conductors only at temperatures above their melting point. 
The conductivity of a covalent network solid, if noticeable at all, is, in general, 
quite small, and while it may increase as temperature increases, the conductivity 
does not rise abruptly when the substance is melted. 





The structure of graphite. The atoms in alternate planes are directly under one another. 


FIG. 3.10 


Metallic Crystals 


Metallic crystals are characterized by their silvery luster and reflectivity, high 
electrical and heat conductivity, and by the ease with which they can be drawn, 
hammered, and bent without fracture. Silver, gold, and platinum are substances 
in which all these properties appear most clearly. On the other hand, most 
metals are somewhat lacking in one or more of these characteristics. [or 
example, tungsten has a silvery luster, but 1s brittle and not easily worked, and 
lead, which is soft and workable, is not a good conductor of electricity. 

The electronic structure of metals differs from other substances in that the 
valence clectrons of the metallic atoms are not localized at each atom, but are 
the general property of the crystal as a whole. Thus in a simplified picture, a 
metal is thought of as a collection of positive ions immersed 1n a “sea” of mobile 
electrons. The qualitative features of this “frec-electron” picture arc consistent 
with the general metallic propertics. The high electrical conductivity of metals 
is readily explained if the valence electrons are free to move in an applied elec- 
tric field. The high thermal conductivity of metals is also a consequence of the 
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free electrons, which ean acquire large thermal kinetic energy, move rapidly 
through the erystal, and thereby transport heat. 

The idea that valence electrons are not localized but shared by all atoms in 
the erystal is consistent with the mechanical properties of metals. Since there 
are no highly directional localized bonds, one plane of atoms may be moved 
over another with relatively little expenditure of energy. Beeause the valence 
electrons are not localized and the metallic bonding is not strongly directional, 
bonding forces need not be completely disrupted when the crystal is distorted. 

While the free electron picture is consistent with the general properties of 
most metals, there can be no doubt that it is an oversimplification. Within 
the group of metallic elements there is a considerable variation of properties: 
mercury melts at —39°C, and tungsten at 3300°C; the alkali metals can be cut 
with a table knife, but osmium 1s hard enough to scratch glass; as an electrical 
conductor, copper is 65 times better than bismuth. Understanding these 
variations m metallic properties requires more elaborate bonding theories; 
certain aspects of these will be discussed in Chapter 11. 


3.3 X-RAYS AND CRYSTAL STRUCTURE 


The diffraction of x-rays by erystals is an important phenomenon because it 
can be used to tell us the relative locations of atoms in a solid. The results of 
x-ray diffraction studies thereby contribute to our general understanding of 
molecular structure, and how it is related to chemical and physical properties. 
Before we treat the details of the x-ray diffraction experiment, we shall find it 
helpful to analyze the basic aspects of electromagnetic waves. 


Electromagnetic Waves 
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When an electrically charged sphere is suspended in free space, and a second 
“test” charge brought near, the test charge experiences a foree from the charged 
sphere. This “action at a distance,” which is characteristic of electrical systems, 
is rationalized by imagining that each electric charge is surrounded by an 
electrical disturbance, or force field, and that this electric field is responsible for 
the ability of one charge to act on another even though they are physically 
separated, and ina vacuum. Similarly, the magnetic effeets which are produced 
by an electric current are pictured as the result of a magnetic foree field which 
surrounds each moving electric charge. In deseribing the properties of electrical 
systems, 1t is often more profitable to emphasize the behavior of the electric 
and magnetic fields, rather than that of the electric charges themselves. 

By the end of the nineteenth century, physicists had recognized that a number 
of optical experiments could be understood if Hght was pietured as electro- 
magnetic wave motion. According to this picture, light is to be thought of as 
being produced by the oscillating motion of an electric charge. This oscillation 
causes the electric field surrounding the charge to change periodically and also 
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Representation of an electromagnetic wave. The electric field E and magnetic field H 
oscillate in perpendicular planes. 


produces an oscillating magnetic field. These oscillating electric and magnetic 
disturbances are radiated or propagated through space—hence the name 
“electromagnetic radiation.” A test charge placed in the path of electromagnetic 
radiation experiences an oscillating force, first in one direction, then in the 
opposite direction, then back in the first direction, and so on. This suggests 
that the electric field of the light is propagated as a wave, and other experiments 
suggest that this is true also of the magnetic field. Thus at any instant, a snap- 
shot of the electromagnetic wave would look like Fig. 3.11. 


Amplitude Instantaneous profile of a 
wave, demonstrating the def- 
initions of amplitude and wave- 
length. 


Consider Tig. 3.12, which shows only the electric component of an electro- 
inagnetic wave. The maximum magnitude of the disturbance 1s called the 
wave amplitude, and the distance between two successive maxima 1s known as 
the wavelength, denoted by \. A test charge placed at a wave maximum would 
experience a maximum electrical force in one direction, and a test charge placed 
at the wave minimum would also feel the maximum force, but in the opposite 
direction. Figure 3.12 is only an instantaneous picture of a wave, and a moment 
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FIG. 3.11 


FIG. 3.12 
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FIG. 3.13 


later the position of all the wave maxima will have changed uniformly. In 
other words, the wave maxima are propagated with a velocity which we shall 
call c. Then the number of maxima which reach a stationary pomt in one 
second 1s 

c em/sec 


—_————— = p eycles/sec. 
 em/cycle : / 


The quantity v is called the frequency of the wave. Electromagnetic radiation 
includes visible, infrared, and ultraviolet light, as well as radio waves and x-rays. 
These various types of electromagnetic radiation, which have such different 
effects on matter, are all propagated through a vacuum with a velocity c = 
2.98 x 10!° em/see. They differ only in wavelength, or equivalently, fre- 
quency. While radio waves have wavelengths which range from one centimeter 
to several meters, and visible radiation lies in the range of 4 to 7 X 107° em, 
x-rays have wavelengths of approximately 107° em. 


Wave 1 


Wave 2 


/ \ 
ax 


\S 
Nw, 


(a) (I>) (c) 


Superposition of waves; (a) in phase; (b) out of phase; (c) small phase difference. 


Wave Interference 
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The intensity of electromagnetic radiation is proportional to the square of its 
wave amplitude. With this in mind, let us examine what happens when two 
electromagnetic waves of the same frequency are superimposed. If the two 
waves are brought together as in Vig. 3.13(a), so that they both reach their 
maximum amplitude at the same point and at the same time, they are said to 
be in phase with each other. In this situation, the electromagnetic fields created 
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by the waves add, produeing an even stronger electromagnetie field, whieh we 
might sense as an inerease in the intensity of the radiation. This phenomenon 
is ealled constructive interference. 

On the other hand, if the waves are superimposed as in lig. 3.13(b), so that 
one wave reaches its positive maximum amplitude just as the other reaches its 
negative maximum amplitude, the two waves are said to be out of phase. In 
this ease, the cleetrie and magnetic fields of the two waves eancel each other, 
and the intensity of the radiation vanishes. This is known as destructive inter- 
ference. When two waves are not exaetly out of phase as in Fig. 3.13(e), some 
destruetive interferenee still oeeurs. There is a partial cancellation of the 
eleetric and magnetie fields, and the radiation intensity diminishes. 

Destructive and eonstructive interferenee ean be observed in the double-slit 
diffraetion experiment shown in Fig. 3.14. The two slits act as separate radia- 
tion sources, eaeh emitting a eircular wave pattern, and the instantaneous 
position of the sueeessive wave maxima are indieated by the two sets of eon- 
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Double-slit diffraction experiment. Constructive interference occurs along the rays FIG. 3.14 
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Double-slit diffraction experiment. If path-length difference between r,; and rz is an integral FIG, 3:15 
number of wavelengths, constructive interference occurs and the intensity is a maximum 
at P. 


3.3 X-RAYS AND CRYSTAL STRUCTURE 99 


centrie cireles. The two patterns become superimposed, and the drawing shows 
that there are “rays” along which the wave maxima from the two slits are 
always in phase. When the radiation falls on a screen, maximum intensity 1s 
observed at the points where these rays mtersect the screen. In the other 
regions, the radiation mtensity 1s small or zero, since these regions he along 
paths where the two waves are out of phase, and interfere destructively. 

A slightly different point of view may show more elearly why the double-slit 
interference phenomenon occurs. Ifrom Fig. 3.15 we can see that the waves 
which leave the two shts travel different distances to reaeh pomt P. The two 
waves are exactly in phase when they leave the slits, and in order for them to be 
exaetly in phase when they reach the point P, the difference in the distance 
traveled must be exaetly equal to an integral number of wavelengths. Exam- 
ination of Fig. 3.15 suggests that this eondition ean be met only at eertain 
points on the screen, and these are the points at which maximum intensity mn 
the diffraction pattern 1s observed. 





FIG. 3.16 Diffraction by a row of equally spaced atoms. 


X-ray Diffraction 


Diffraetion patterns are produced whenever hght passes through or is reflected 
by a pertodic structure that has a regularly repeating feature. The two-slit 
apparatus of Fig. 3.14 is the simplest of periodic structures. In order for the 
diffraction pattern to be prominent, the repeat distance of the periodic structure 
should be about equal to the wavelength of the hght used. A crystal lattice 1s 
a three-dimensional periodic structure, in which the repeat distance 1s roughly 
107° em, the distanee between atoms. Thus we should expect, and do indeed 
find, diffraetion patterns produeed when x-rays of approximately 107° em 
wavelength pass through crystals. 

Let us analyze what happens when x-rays of wavelength A strike a single 
plane of atoms, as in Fig. 3.16, and are diffracted at an angle 8. Just as in the 
double-sht experiment, the diffracted waves will produee a maximum miteusity 
at the detector if the difference in the path of adjacent rays 1s an integral num- 
ber of wavelengths. If this eondition is satisfied, the waves will arrive at the 
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detector in phase. Irom Fig. 3.16 we see that the difference in the paths fol- 
lowed by adjacent rays is ad — bc, and this must equal mA, where m is an 
integer. Thus we have 


Gae— OC = 0d, () i ae 0 a es 


p52: 


h(cos 8 — cos B) = md. 


lor m = 0, this gives 6 = 6. Therefore when the angle of the incident beam 
is equal to the angle of the diffracted beam, there is a maximum in the intensity 
at the detector. This tells us that because of the regular periodic repetition of 
lattice points, a plane of atoms will “reflect,” at least partially, an x-ray beam 
in much the same manner as a mirror reflects ordinary light. 





Diffraction from successive planes of atoms. Diffracted waves are in phase if nA = 2d sin 0@. 


However, because a single plane of atoms reflects only a fraction of the 
incident x-ray intensity, there is still another condition to be met if a diffraction 
pattern of appreciable intensity is to be observed. The waves reflected from 
successive parallel planes of atoms must reach the detector in phase in order to 
produce an intensity maximum. Figure 3.17 illustrates how the condition for 
maximum diffracted intensity can be derived. In order for the waves to reach 
the detector in phase, the difference in the distance they travel must be equal 
to a whole number of wavelengths, 2A, where is an integer. From Fig. 3.17 
we find that the path difference for the two waves is 2d sin 6, where d is the 
spacing between the planes. Thus we have 


2 si G, 1a 1 6%.3, hae (3.1) 


for the condition which must be satisfied in order for a maximum in the dif- 
fracted intensity to occur. 
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FIG. 3.18 
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X-ray tube 


Equation (3.1) 1s called the Bragg diffraction equation, after W. L. Bragg, 
who first derived it and used it to analyze the structure of erystals. The Bragg 
equation has two important appheations. If the spaeing d of the planes of the 
erystal lattice is known, then the wavelength of the x-rays ean be calculated 
from the measured diffraetion angle @. This is the proeedure that Moseley used 
to determine the charactcristie x-ray wavelengths emitted by eaeh of the ele- 
ments in his investigations which led to the determination of atomic numbers. 
Alternatively, if the x-ray wavelength \ is known, the eharacteristic interplanar 
spacings of a erystal can be eomputed from measurements of the diffraetion 
angles 6. In this way a eomplete pieture of the lattice structure of a crystal 
ean be obtained. 


Ionization 
chamber 
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X-ray beam Crystal 





Schematic representation of the Bragg x-ray diffraction apparatus. 


Note carefully that the most important factor which enters the derivation 
of the Bragg equation is the regular spaeing of the lattiec planes. We saw carlicr 
that the reason that a single plane of atoms refleets x-rays most cfheiently 
when the angle of incidenec is equal to the angle of reflection 1s a consequence 
of the regular spacing of atoms in the plane. Our derivation of the Bragg cqua- 
tion shows that the fact that reflections from parallel planes of the lattiec 
reinforce caeh other is a eonscquence of the uniform interplanar spaeing. If the 
arrangement of atoms in the planes or the spacing between parallel planes 
becomes irregular, as is the case in hquids and amorphous solids, sharp x-ray 
diffraction patterns are not observed. 

The simplest type of apparatus for observing x-ray diffraction is shown in 
Vig. 3.18. X-rays of a single wavelength impinge on a erystal which is mounted 
on a rotating platform. The diffraeted radiation 1s detected by the 1onization it 
produecs in the chamber D. When the erystal is set at an arbitrary angle with 
respect to the incident x-ray beam, very little diffracted radiation reaches the 
detcetor, since it is likely that at this angle there is no plane of the crystal 
lattiee which satisfies the Bragg cquation for maximum diffracted mtensity. 
However, as the erystal is rotated, cventually some sect of planes becomes 
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aligned at an angle 6 that satisfies Eq. (3.1), and a strong signal appears at the 
deteetor. As the erystal is rotated still further this signal disappears, but at 
some other angle 6° another diffracted signal may appear when a new set of 
lattiee planes satisfies the Bragg equation. As the two-dimensional lattice in 
Fig. 3.17 shows, there are many sets of parallel planes in a lattice, and so 
diffraeted radiation is observed at many angles. However, only the lattice 
planes which contain large numbers of atoms will reflect the x-rays appreciably, 
so in praetiee, only diffraetion from the most important lattiee planes is observed. 


Electron density map of naph- FIG. 3.19 
thalene. Dashed lines corre- 

spond to 0.5 electron charge per 

cubic angstrom. 





X-rays and Electron Density 


The measurement of the diffraction angles and use of the Bragg equation leads 
to a determination of the spaeing of the planes of a erystal lattice. So far we 
have assumed that the lattice planes are made up of identieal structureless 
points whose only feature is the ability to seatter x-rays. In reality, the oeeu- 
pants of the lattice sites may be individual atoms, or what is more likely, may 
be moleeules or groups of moleeules of rather eomplex strueture. It is the 
eleetrons in these moleeules that are responsible for the scattering of the x-rays, 
and the effieieney of the scattering, and henee the intensity of the diffraction 
pattern, depends on the number and distribution of the electrons at the lattiee 
| sites. The electron distribution is, of eourse, determined by the structure of 
| the moleeules which oecupy the lattice sites. Thus by studying not only the 
angles at whieh x-rays are diffracted, but also the intensities of the diffracted 
: radiation, it is possible to determine the strueture of the molecules whieh are 
| at the lattiee sites. 

In the most elegant applieations of this technique, it 1s possible to obtain 
eontour maps of the eleetron density in very eomplieated moleeules. Figure 3.19 
shows the structure of the naphthalene moleeule, C;9Hg, as determined by 
x-ray diffraetion intensity studies. The eontours represent lines of eonstant 
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average electron density, and show conclusively that the geometric strueture of 
naphthalene ts 


H H 
| , 
H ) C H 
a> Mee | 
| | | 
: C 
a ee ee 
lel C C H 
| , 
H H 


where all the atoms he in the same plane. The eontour maps provide very 
precise values for the distanees between nueler and the angles between bonds. 
Consequently, mueh of our knowledge of molecular structure 1s obtamned from 
x-ray studies. 


Chemical Analysis by X-rays 


We have seen that the interplanar spaeing of a erystal lattree determines the 
angles at whieh strong x-ray diffraction occurs. These interplanar spaeings are 
a most intimate characteristie of the crystal, for they are determined by the 
size and arrangement of its atoms. Eaeh erystalline eompound has its own set 
of mnterplanar spacings and thus its own characteristic set of x-ray diffraetion 
angles which, like a fingerprint, can be used to identify the substance. 

One of the simplest applieations of x-ray identification 1s to prove or dis- 
prove the existenee of new eompounds. I or example, 1t 1s well known that 
cadmium forms an oxide whose formula is CdO. In this compound, cadmium 
1s in the +2 oxidation state, whieh is eonsistent with all the other ehemistry of 
cadmium. It 1s possible, however, to prepare an apparently homogeneous sub- 
stance that, according to chemical analysis, has the empirieal formula Cd.Q. 
Is this substanee a true eompound in which cadmium ts in the +1 oxidation 
state? X-ray examination provides the answer. The x-ray refleetions from 
“Cd.O” oecur only at angles which are eharacteristic either of metallic cadmium 
or CdO. It would certainly be expeeted that “Cd QO,” if it were a true eom- 
pound, would have different lattice spacing and henee different x-ray refleetion 
angles from either cadmium metal or CdO. Therefore it must be concluded 
that “Cd2.O” is really not a true eompound, but a physical mixture of tiny 
ervstals of eadmium metal and CdO. 


Determination of Avogadro’s Number 
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One of the most fundamentally important results of x-ray diffraetion studies is 
the precise determination of the value of Avogadro’s number. In prineiple, the 
measurement is very simple. X-rays of known wavelength are used to deter- 
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mine the interplanar spacings of a crystal. Irom this, the volume oceupied by 
one moleeule (or atom) can be calculated. Then the measured volume of one 
mole of the crystal is divided by the volume of one molecule, and the result is 
Avogadro’s number. 

One of the keys to this procedure is the knowledge of the wavelength of the 
x-rays. How is this determined in the first plaee? The answer is surprisingly 
simple. An artificial “lattice” 1s created by carefully drawing elosely spaeed 
lines on a surfaee. Even though these lines are as mueh as 5 X 107* em apart, 
much greater than the 10~°-em wavelength of x-rays, they still ean produce 
an x-ray diffraetion pattern if the x-rays are directed almost parallel to the ruled 
surface. A similar diffraction effeet ean be seen when visible light grazes a 
phonograph reeord. Even though the wavelength of the light is much smaller 
than the spaeing between the reeord grooves, diffraction is observed if the 
grazing angle is small enough. In the x-ray experiment, the wavelength can be 
ealeulated from the measured diffraetion angles and the known spacing of the 
ruled lattiee. 


A latti f ints, showi th FIG. 3.20 
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In our diseussion of x-ray diffraetion, we emphasized that the microseopie 
eharaeteristie that produces sharp diffraetion patterns is an ordered, regularly 
| repeating structure. Crystalline solids whieh show these sharp diffraetion phe- 
nomena ean therefore be deseribed in terms of lattices, or three-dimensional 
arrays of points that display a regular repetition pattern. An example of sueh 
a lattiee is shown in Fig. 3.20. The lattiee 1s eharacterized by the distance 
between sueeessive points along eaeh of the three axes indicated, and the angles 
between these axes. 
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The Unit Cell 


The lattiee of points shown in Fig. 3.20 may also be discussed in terms of a 
basie, simple array of points ealled the wnzt cell. This unit cell is the smallest 
unit whieh, when repeated in three dimensions, will generate the entire erystal. 
A crystal ean thus be thought of as composed of a eombination of unit cells, 
with neighboring eells sharing faees, edges, or eorners. The unit eell of the 
lattice pietured in Tig. 3.20 is shown with its outlines emphasized. 
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Simple Body-centered F'ace-centered 


CUBIC 





Simple Body-centered End-centered I’ace-centered 


ORTHORHOMBIC 





Simple Body-centered Simple End-centered 
TETRAGONAL MONOCLINIC 





Rhombohedral Triclinic Ilexagonal 


FG. 3.21 The unit cells of the fourteen Bravais lattices grouped into the seven crystal systems. 
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The Bravais Lattices 


By considering the possible combinations of the lattice point spacings (a, b, c) 
along each of the lattice axes and the angles (a, 8, Y) between these axes, it is 
possible to generate seven crystal systems. The geometric characteristics of 
these crystal systems are listed in Table 3.2. In 1848, Bravais showed that 
associated with these seven crystal systems, there were only fourteen crystal 
lattices. The unit cells for these fourteen Bravais lattices are shown in Fig. 3.21. 
Every naturally occurring crystal has one of these lattice structures. However, 
in anatural crystal the lattice sites may be occupied by atoms or more frequently 
by complex groups of atoms, and hence the unit cell may have a complicated 
internal molecular structure. Since even in the most complex molecular struc- 
tures the unit cell 1s the basic repeating unit of the crystal, the unit cell dimen- 
sions can be obtained from x-ray diffraction patterns by use of the Bragg 
relation, Eq. (3.1). The actual structure within the unit cell is a morc difficult 
problem, however, and 1s determined from measurements of the intensities of 
the spots in the diffraction pattern. 


Table 3.2 The seven crystal systems and fourteen Bravais lattices 


Crystal system Unit cell dimensions and angles Bravais lattice 


Cubic BS] ee — Joh 218 Simple 
Body-centered 
Face-centered 


Orthorhombic axb+~c} a= 6s = 7 = 90° Simple 
Body-centered 
End-centered 
Face-centered 
Tetragonal eae Ds CO eee eae —— 90 Simple 
Body-centered 
Monoclinic axb#cia=7=90° <8 Simple 
End-centered 
Rhombohedral Ae— sD — 6 ae = B= ¥ ~ 90” Simple 
Triclinic ae ea = 6 x ¥ = 90" Simple 
Hexagonal Gu=se--ee a == 8 = 90°: y = 120° Simple 


3.5 COMMON CRYSTAL STRUCTURES 


When the sites of the various Bravais lattices are occupied or surrounded by 
polyatomic molecules, quite complex crystal structures can result. However, 
there are a few types of structures that not only have simple geometric charac- 
teristics but also occur quite frequently in natural crystals. In this section we 
shall examine a few of these common crystal structures. 
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Closest-Packed Structures 


FIG. 3.22 


FIG. 3.23 


108 


There are many substances whose atomic arrangement can be pictured as a 
result of packing together identical spheres so as to achieve maximum density. 
In particular, almost all the metallic elements and many molecular crystals 
display these “closest-packed” structures. Let us see, then, how the closest 
packing of spheres can be achieved. 


A single layer of closest-packed spheres. 





Figure 3.22 shows the closest-packed arrangement of spheres whose centers 
lie in a single plane. Each sphere is surrounded by six others, which are called 
its nearest neighbors. For future reference, we shall label each of the sites 
occupied by the spheres with the letter a. Consideration of Fig. 3.22 suggests 
that a second layer of closest-packed spheres can be added by placing spheres 
in the depressions, or “holes,” of the first layer. All of these depressions are 
identical, but they can be divided into two groups. If we place a sphere at a 
site marked 6, we cannot place one in the adjacent sites marked c, and vice 
versa. Thus all spheres which form the second closest-packed layer must be 
placed either at the b-sites or the c-sites. The arrangement produced by choosing 
the b-sites is shown in Fig. 3.28. 


Two layers of closest-packed spheres. 





When we attempt to add a third layer, two possibilities confront us. There 
are once again two types of depression available to accept the third layer, but 
they are not exactly equivalent. One type of depression is labeled a in Fig. 3.23, 
for it lies directly above the center of a sphere of the first layer. The other type 
of depression, denoted by c, lies directly over a hole in the first layer—in fact, 


THE PROPERTIES OF SOLIDS | 3.5 


directly over a c-type hole. Either of these two types of site may be used to 
accommodate atoms of the third layer, and either choice leads to a elosest- 
packed erystal lattice. 

When the spheres of the third layer are placed at the a-sites and the sequenee 
of the layers is continued indefinitely as abababab, ete., we obtain a hexagonal 
closest-packed structure. This designation is ehosen because the atoms in the 
two a-layers occupy the sites of the unit cell of the hexagonal Bravais lattiee. 
The three atoms within the cell (the b-layer) do not occupy lattice sites. As 
lig. 3.24 shows, when the structure is rotated about an axis perpendicular to 
the layers and passing through one sphere, the same structure is encountered 
three times in the course of a complete revolution. 


Hexagonal closest packing 
of spheres: (a) normal and 
(b) exploded view. 





(a) (b) 


The second possibility is that the spheres of the third layer be located at the 
c-sites, and when the sequence abcabcabc, etc., 1s continued indefinitely, the 
resulting arrangement is called cubic closest packing. To see why this lattice is 
described as cubic, we must rotate the structure as in Fig. 3.25. Then it be- 
comes elear that the basic unit of the eubie elosest-packed structure is a cube 
which contains 14 spheres. The layers which we used to build up the strueture 
run through the cube parallel to diagonals that link opposite corners. Close 
study of the eubic closest-packed lattice shows that there is a sphere at the 
center of each face of the cube, and consequently this structure is also known 
as the face-centered cubic lattice. Generally it is difficult to see in a picture both 
the closest-packed layers and the face-centered cube surfaces, but a three- 
dimensional model reveals both features clearly. 
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FIG. 3.24 
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BiG=:3.25 


There are a few properties that are common to both of the closest-packed 
structures. In both mstances 74.0% of the available space is occupied by 
spheres. In either of the closest-packed lattices each sphere is m direct contact 
with 12 nearest neighbors—6 which lie m one layer, and 3 from each of the 
layers above and below. The number of nearest neighbors is called the coordi- 
nation number of the sphere, and our arguments show that 12 1s the maximum 
possible coordination number, since it 1s found when spheres are packed with 
maximum density. 








(b) 


Cubic closest packing of spheres: (a) generation of unit from closest-packed layers, and 
(b) rotation to show cubic symmetry. 


Solids whose molecules or atoms are essentially spherical in shape and are 
linked by nondirectional bonds are often found to have one of the closest- 
packed structures. In particular, all of the noble gases crystallize in either 
cubic or hexagonal closest-packed structures. The electron cloud in the hydrogen 
molecule Hg 1s nearly spherical in shape and crystals of solid hydrogen have the 
cubic closest-packed structure. The hydrogen halides HCl, HBr, and HI are also 
nearly spherical molecules, since they consist of a large spherical halogen atom 
only slightly distorted by the very small hydrogen atom. Accordingly, all 
three of these compounds crystallize in a hexagonal closest-packed structure. 
The tendency of spherical molecules to crystallize in one of the closest-packed 
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structures 1s apparently a consequence of the fact that, by so doing, they 
achieve the maximum coordination number, 12, thereby maximizing the 
strength of the mtermolecular van der Waals forces. 


The body-centered cubic lattice. Spheres at cube 
centers are shaded to emphasize their position. 





Table 3.3 gives the crystal structures of many of the metallic elements. 
A number of these elements are polymorphic: they crystallize in more than one 
structure. \fost of the metals have either the hexagonal or cubic closest-packed 
structures m which the atoms have the maximum possible coordination number 
of 12. Several metals are found in the body-centered cubic structure illustrated 
in Fig. 3.26. In this lattice there 1s a sphere at each corner and in the center of 
a cube, which is the repeating unit of the lattice. Because each sphere has only 
8 nearest neighbors in the body-centered cubic lattice, rt is not a closest-packed 
structure. However, in the body-centered lattice, the spheres occupy 68% of 
the available space, only slightly less than the 74% characteristic of the closest- 
packed structures. We shall see im Chapter 11 that the high coordination 
numbers found m metallic lattices are related to the nature of metallic bonding. 


Table 3.3 Crystal structures of the metallic elements 
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FIG. 3.26 


111 


FIG. 3.27 





(a) (b) 


Construction of tetrahedral interstitial site in a closest-packed lattice. 


Structures Related to Closest-Packed Lattices 
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The crystal structures of many of the binary compounds of the type AB, ABg, 
and A»B are related in a simple manner to the closest-packed arrangements. 
Very often atoms of one type, let us say B, can be pictured as spheres that form 
a closest-packed structure, while the A-atoms occupy the interstices or holes 
between the close-packed spheres. To pursue this idea, we must examine the 
geometry of the holes in the closest-packed structures. 

One of the basic units in either of the closest-packed structures is one sphere 
resting upon three others, as is illustrated in Fig. 3.27. The centers of the four 
spheres in this arrangement lie at the apices of a regular tetrahedron. Con- 
sequently, the space at the center cf this tetrahedron is called a tetrahedral site. 
In any close-packed structure, each sphere is in contact with three others in the 
layer above it, and with three more in the layer below. As a result, there are 
two tetrahedral sites associated with each sphere. From these observations, 
we can see how the crystal structure of a binary compound AB might be related 
to a closest-packed arrangement. [lirst, imagine that the B-atoms form a close- 
packed lattice. Then a compound AB could have a structure in which half of 
the tetrahedral sites were occupied by A-atoms. If the formula of the compound 
were AoB, all of the tetrahedral sites could be occupied by A-atoms. As we shall 
see, both these arrangements are found in nature. 

There is a second type of interstitial site in the closest-packed structures. 
This site is surrounded by six spheres whose centers lie at the apices of a regular 
octahedron, as illustrated by Fig. 3.28. The existence of these octahedral sites 
in the closest-packed structures is easier to recognize if we realize that each face 
of a regular octahedron is an equilateral triangle. Figure 3.28 shows, therefore, 
that an octahedral site can be generated by two sets of three spheres, each set 
forming, in parallel planes, equilateral triangles with apices pointing in opposite 
directions. These sets of equilateral triangles appear naturally in the parallel 
planes of the closest-packed structures. 
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Construction of octahedral interstitial site in a closest-packed lattice. 


To see the relation between the octahedral sites and the tetrahedral sites, 
recall that in building the second layer of a closest-packed structure, spheres 
were set into only half the depressions in the top of the first layer. The depres- 
sions in which spheres of the second layer rest are tetrahedral sites, while the 
depressions in which no sphere rests form the octahedral sites. 


Locations of the octahedral sites in a face- 
centered cubic lattice. 





There is another way of locating octahedral sites. Figure 3.29 shows the 
face of a face-centered cubic lattice. The center of any regular octahedron falls 
on an equatorial plane formed by the centers of four spheres; these locations 
are marked in the drawing. By using Fig. 3.29, it is easy to see that there is 
one octahedral site for every sphere in the structure, because if we follow one 
column of spheres vertically, octahedral sites and spheres alternate. This 
conclusion holds for the hexagonal closest-packed structure as well. Thus there 
are half as many octahedral sites in a closest-packed structure as there are tetra- 
hedral sites. Consequently a compound AB might be formed with the B-atoms 
arranged in a closest-packed structure, and A-atoms at all the octahedral sites. 


3:3 COMMON CRYSTAL STRUCTURES 


FIG. 3.28 


FIG. 3.29 
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FIG. 3.30 
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The dimensions of the mterstitial sites in closest-packed lattices are related 
to the size of the spheres used to form the structures. Tigure 3.30 shows a 
cross section through an octahedral site. The radius of the small sphere that 
occupies the site can be found by simple geometry, for 1f we let 7; and rg be the 
radi of the small and large spheres, respectively, the theorem of Pythagoras 
tells us that 


‘ 2 2 
2(r} ) (2re) ; 
ry a+ i) == V2 ro, 

a 
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Thus in order to occupy the octahedral site without disturbing the closest- 
packed lattice, the radius of the small sphere should be no greater than 0.414 
times that of the large spheres. A similar calculation for the tetrahedral sites 
gives 71/re = 0.225 for the maximum radius ratio, so a tetrahedral site is 
noticeably smaller than an octahedral site. 


The geometry of an octahedral site in a closest-packed KEN 


lattice. | oP) ie 


With the geometric properties of the closest-packed structures in mind, we 
are In a position to appreciate the relationships among the structures of many 
simple compounds. Our approach applies most clearly to compounds made up 
of monatomic ions, for these ions can be thought of as spheres with charac- 
teristic radi. It is true that an actual ion is not a sphere with a well-defined 
radius, but is a spherical charge “cloud” of rapidly decreasing density that, in 
principle, extends to infinity. Our procedure is to picture ions which have many 
electrons as large spheres and those with fewer electrons as smaller spheres, and 
while this is a useful model, its limitations must be remembered. 

Consider first Fig. 3.31, the sodium chloride, or rock-salt structure. The 
chloride ions considered alone form a face-centered cubic lattice, and the sodium 
ions alone also have a face-ceutered cubic arrangement. Neither of these inter- 
penetrating lattices is really closest-packed in the model, since the ious along 
the diagonal of a cube face do not touch each other. However, because the 
chloride ions are represented by the larger spheres, it is profitable to think of 
them as forming a cubic close-packed lattice that has been slightly expanded 
by the presence of the sodium ions. Study of the rock-salt structure shows us 
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The sodium chloride structure: (a) space-filling model showing relative sizes of ions; 
(b) lattice model showing the octahedral coordination about each ion. 


that the sodium ions occupy the octahedral sites in the chloride close-packed 
lattice. Thus each sodium ion is surrounded by six chloride ions, and Tig. 3.31 
shows that the converse is also truc. As we remarked earlier, there is one octa- 
hedral site for each sphere in the closest-packed structure, and since there are 
equal numbers of sodium and chloride ions in sodium chloride, all the octahedral 
sites in the chloride lattice must be occupied by sodium ions. Many other 
compounds of the AB-type have the rock-salt crystal structure; this is true 
even of some in which the ions are polyatomic. A partial list of these com- 
pounds is contained in Table 3.4. 

Another structure common to several binary 1:1 compounds is the zinc- 
blende (ZnS) structure illustrated in Fig. 3.82. The simplest point of view in this 
case 1s to think of the large sulfide ions as forming a face-centered cubic lattice 
that is almost closest-packed, with the zinc ions occupying alternate tetrahedral 
sites. Only half of the tetrahedral sites are occupied because the compound has 
1:1 stoichiometry and there arc two tetrahedral sites associated with each sulfide 


Table 3.4 Structures derived from cubic closest packing 


Holes used ae Name Examples 
Octahedral l Rock salt Halides of Li, Na, K, Rb; NH4Cl, NH4Br, 
NH4l, AgF, AgCl, AgBr; oxides and sul- 
fides of Mg, Ca, Sr, Ba. 
Tetrahedral 5 Zinc blende ZnS, CuCl, CuBr, Cul, Agl, BeS 
Tetrahedral 1 Fluorite CaFo, SrFo, BaFo, PbFe, HfO2, UOe 
1 Antifluorite Oxides and sulfides of Li, Na, K, and Rb 


ee COMMON CRYSTAL STRUCTURES 


FIG. 3.31 


ion. Beeause the zine lons oceupy tetrahedral sites, 1t is clear that they have a 
eoordination number of four, and reference to fig. 3.32 shows that the eoordi- 
nation number of the sulfide ions 1s also four. Beeause the tetrahedral sites 
are relatively small, the zine-blende strueture 1s found m 1:1 compounds im 
whieh the eation is mueh smaller than the anion. Table 3.4 lists several of the 
eompounds that have the zine-blende strueture. 


FIG. 3.32 The zinc-blende crystal structure. Both 
the zinc and the sulfur atoms have a 
coordination number of four. 





Some compounds whose stoiehiometry is of the type 1:2 are found to erystal- 
lize in the fluorite (Cals) strueture pictured in Fig. 3.33. One way of deseribing 
this arrangement is to say that the ealetum lions form a faee-eentered eubie 
lattice and the fluoride ions oceeupy all the tetrahedral sites. Closely related 
to this lattiee is the antifluorite strueture charaeteristie of 2:1 eompounds like 
Na oO. In the antifluorite strueture, it is the anions that form the faee-eentered 
eubie lattiee, and the eations that oeeupy all the tetrahedral sites. The anti- 
fluorite and the fluorite structures are both related to the zine-blende strueture, 
in whieh only half the tetrahedral sites in a faee-eentered eubie lattice are 
oecupied. : 

Our discussion has shown that there are four struetures derived from eubie 
elosest-paeking that are found in a large number of common binary inorganie 
eompounds. It is easy to see that a similar group of lattiees ean be generated 
from the hexagonal elosest-packed strueture, and examples of these are common 
among known eompounds. Even the struetures of some eompounds with more 
eomplex stoichiometry ean be related to the elosest-paeked lattices. Thus the 
paeking of spheres provides a simple pieture whieh seems to unify mueh of 
struetural chemistry, and we shall make some use of this approaeh mm our 
subsequent diseussions of deseriptive chemistry. 


Local Packing Arrangements 


In discussing struetures derived from the elosest-paeked lattiees, we noted that 
the sizes of oetahedral and tetrahedral sites were different. In a erystal like 
ZnS, the very small Zn** ions oeeupy the small tetrahedral sites in the nearly 
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The fluoride lattice. The cations form a face- 
centered cubic lattice with the anions at all 
tetrahedral interstitial sites. 


closest-paeked sulfide lattiee. In NaCl, however, the ion sizes are more nearly 
eomparable, and thus the positive ions oeeupy the larger oetahedral interstitial 
sites in the anion lattice. These and similar observations suggest that in other 
situations, not neeessarily derived from the close-paeked struetures, the eoordi- 
nation number of an atom or ion may be influenced or determined by the ratio 
of its radius to the radius of the atoms surrounding it. 

To explore this idea further, we eonsider the coordination of a eation by 
anions, and make the following postulates: 


1. Cations and anions try to be as elose as their radii permit in order to maximize 
Coulomb attraction. 


bo 


. Anions never approaeh each other more elosely than their ionie radu permit. 


3. Kaeh eation tends to be surrounded by the largest possible number of anions 
that is eonsistent with the first two postulates. 


Aeeording to these postulates, a partieular coordination number will oeeur 
between the values of the eation-to-anion radius ratio at whieh the anions 
simultaneously toueh eaeh other and the eentral eation, and the radius ratio at 
whieh this eondition beeomes possible for the next higher eoordination number. 
Thus tetrahedral eoordination is stable for eation-to-anion radius ratios of 
0.225 to 0.414, at whieh point it beeomes possible to merease the eoordination 
number to six. A simple geometrie ealeulation shows that it is possible to bring 
three anions and one eation into eontact when r4/r_ = 0.155. The eoordina- 
tion number three is stable between this radius ratio and 0.225, at whieh point 
tetrahedral eoordination beeomes possible. Table 3.5 summarizes the range of 
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radius ratios over which coordination numbers of 2, 3, 4, 6, 8, and 12 are 
expected to be stable. 

By using values of the 1onic radius assigned to various cations and anions 
(see Chapter 11) it is possible to predict the cation coordination number in 
various compounds. In most cases the predicted coordination number is ob- 
served. Thus the consideration of radius ratios is a valuable technique which 
can be used to guess the structures of species in which the bonding is suspected 
to be electrostatic or nondirectional. 


Table 3.5 Local packing arrangements 








Cation 
coordination Radius ratio Geometry Examples 
number 
2 0-0.155 Linear k-—Ht—}— 
O- 
3 0.155-0.225 Triangular 
Og O- 
4 0.225-0.414 Tetrahedral 
6 0.414-0.732 Octahedral 
8 0.732-1.0 Cubic 
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3.6 DEFECTS IN SOLID STRUCTURES 


In our discussion up to this point we have tacitly assumed perfect lattice struc- 
tures for crystalline solids. In fact, naturally occurring crystals have substantial 
numbers of defects. These defects have an important and sometimes dominating 
influence on the mechanical, electrical, and optical properties of solids. The 
study of the ramifications of defects is by itself a major research area encom- 
passing chemistry, engineering, and solid state physics. Here we will indicate 
the classification, description, and major consequences of the most common 
erystal imperfections. 


Point Defects 
Lattice imperfections are classified according to their geometric characteristics. 
Point defects involve only one or two lattice sites directly. Line defects have to 


do with alterations or displacements of a row of lattice sites. Plane defects 
arise when a plane of sites is imperfect. 


” —_, 
Ob) #4 
| Self- 


ss Ge ti °. interstitial 
Vacancy 
Ke terstitial 
a impurity 


Substitutional 
Types of point defect in a simple crystal structure. FIG. 3.34 











impurity 


The four major kinds of point defects that occur in a crystal of one type of 
atom or molecule are indicated in Fig. 3.34. If an atom is missing from a lattice 
site there is a vacancy; an atom out of place is called self-interstitial. A foreign 
atom occupying a lattice site is called a substitutional ampurity, whereas one 
placed off a site is an interstitial impurity. 

In ionic solids, certain special cases of these point defects occur (see lig. 3.35). 
A vacancy at a cation site is frequently accompanied by a vacancy at a nearby 
anion site. Such paired cation-anion vacancies, called Schottky defects, preserve 
the electrical neutrality of the crystal, and their formation requires relatively 
little energy. In a Frenkel defect, an ion leaves its lattice site and enters an 
interstitial position. This process also preserves overall electrical neutrality. 
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FIG. 3.35 
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¥ormation of Frenkel defects requires relatively little energy if the anions are 
large and the cation 1s small, as mn the silver halides, or rf the crystal structure 
is of an Open type with large mterstices, like the fluorite (Cal’,) structure. 

A simple anion vacancy In an ionic crystal creates a local excess of positive 
charge. An clectron can migrate to this site and be bound, in effect replacing 
the absent negative ron. The presence of a number of such defects imparts a 
color to an otherwise colorless crystal, and consequently this type of imperfec- 
tion is called an I*-center, after Farbe, the German word for color. 

In ronie compounds, substitutional impurities can occur relatively easily. 
For example, the ions Ba** and Srt?t have the same charge and are fairly 
similar im size. Consequently, if BaSO, is precipitated from a solution contain- 
ing strontium 1ons, some of the latter are mevitably mecorporated in the newly 
formed bartum sulfate crystals. Such substitutional impurities are very common 
in onic compounds of the transition metals, since many of these elements form 
ions of the same charge and very nearly the same size. 


Schottky 


I’renkel defect 


defect 





a 
© eS @ F-center 


Types of point defect in an ionic solid. 


As mentioned m Chapter 1, vacancies and interstitial atoms are responsible 
for the occurrence of nonstoichiometric compounds. Nickel oxide, NiO, 1s a 
good example of a compound which has a somewhat variable stoichiometry. 
When nickel oxide is prepared at relatively low temperature (1100°IX) by partial 
oxidation of excess nickel, tts composition is Ni, .9Oy.9, Its color ts pale green, and 
its electrical properties are those of an msulator, as one would expect for a 
simple ionic compound. If the same substance is treated with excess oxygen 
at 1500°IX, cation vacancies occur, the composition approaches Nip.9701,9, the 
color turns black, and nickel oxide becomes an electrical semiconductor. 

The deficiency of positive charge which would otherwise accompany cation 
vacancies is made up by the presence of the appropriate amount of Ni*®, and 
it is Just this factor which ts responsible for the electrical conductivity of non- 
stoichiometric NiO. If a Nit? ion exists at some point, an electron from clsc- 
where in the lattice may jump to it, converting it to Nit, and simultaneously 
creating a Ni*? ion at a new lattice point. By a series of such clectron jumps, 


THE PROPERTIES OF SOLIDS 3.6 


charge can migrate through the crystal, and thus nonstoichiometric NiO is not 
an Insulator, but a semiconductor. 

It has been found that NiO will dissolve substantial amounts of LisO. The 
lithium ion Lit enters the NiO lattice as a substitutional impurity at some of 
the cation sites. Since Lit has only a single positive charge, an equal number 
of Nit? ions must be present in the lattice in order to preserve electrical 
neutrality. Consequently, NiO which has been “doped” with Li,O is an even 
better electrical conductor than nonstoichiometrie NiO, since the doping pro- 
cedure permits the introduction of even greater numbers of Ni‘? ions. 

Figure 3.36 shows the two types of line defects. In an edge dislocation an 
extra half-plane of atoms is present. The rest of the lattice along the edge of 
this plane 1s alternatively compressed or expanded in order to accommodate it. 
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Two types of line defect in acrystal lattice. (a) An edge dislocation. (b) A screw dislocation. 
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(a) (b) 


In a screw dislocation, part of a set of lattice planes has been moved one or 
more lattice units relative to their neighboring lattice planes. In effect, the 
screw dislocation represents a partially successful attempt to shear the crystal 
lattice. In the region around the dislocation, the lattice is under a shear stress. 

The frequency of occurrence of edge dislocations is expressed as a number of 
dislocations per unit area. In a normally annealed mctal, there may be as many 
as 10° edge dislocations per em”. This figure should be compared with the num- 
ber of atoms per em’, which is approximately 10'°. In a metal which has been 
cold-worked, however, the dislocation density can rise to 10''! to 10'? per em”. 

Edge dislocations have profound influenee on the mechanical properties of 
matter. If two perfect close-packed planes of atoms are to be displaced relative 
to cach other, the applied shear stress must overcome the attraction of each 
atom in one planc to its nearest neighbors in the other plane. The stress neccs- 
sary to do this can be calculated from the known interatomic forees to be on 
the order of 10° psi. The actual required forec as measured experimentally is 
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only 10° psi or less. The discrepancy between these two numbers arises because 
of the presence of edge and screw dislocations in normal metal samples. Figure 
3.37 indicates how an edge dislocation facilitates the motion of one plane of 
atoms over another. Because only one row of atoms must move at a time, and 
because the row which moves is already in a distorted, energetically unstable 
position, less force is needed to carry out the shear. 








—_—<—<—<_— —_——_—_—_—— _——. 
_-_-- > — —_——_—_—_—__» — 
FIG. 3.37 The motion of an edge dislocation under a shearing stress. 


Metals can be hardened and strengthened by the inclusion of foreign atoms. 
loreign atoms whose size is different from that of the host tend to occupy 
lattice positions in or near dislocations, where they can be more easily accom- 
modated in the distorted lattice. This makes it more difficult to move the dis- 
location under an externally applied stress, since it is now energetically more 
favorable for the defect to remain where the lattice is distorted by impurity 
atoms. The efhcacy of different impurities in strengthening a metal in this 
manner is directly related to their size. Thus, while addition of 10% zine 
increases the strength of copper by 30%, the same amount of beryllium, a much 
smaller atom, nearly triples the strength. 

As pointed out in Section 3.1, solids often have a microcrystallme structure, 
and the interface between two differently oriented microcrystals 1s an example 
of a plane or surface defect. Since the lattice planes in two such neighboring 
microcrystals will tend to be randomly oriented, the surface atoms of the two 
crystallites will be out of register. Consequently, there will be a transition 
region between the crystallites in which the atomic spacing will be irregular. 
In these so-called grain boundary regions, the atoms are less stable and con- 
sequently tend to be more reactive. This is why the microcrystalline structure 
of a metal can be revealed by etching: the atoms in the grain boundaries 
are preferentially removed, and the microcrystals are left as partially raised 
structures. 


3.7 THERMAL PROPERTIES OF SOLIDS 


According to the law of Dulong and Petit, the heat capacity of one gram atom 
of a solid element is approximately 6.3 cal/deg. We have seen that the applica- 
tion of this rule is not limited to elements, for experiments show that the heat 
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capacities of many solids, elemental or compound, is 6 cal/deg per mole of atoms. 
Of course, there are exceptions to this law. There are many substances whose 
heat capacities, measured at room temperature, are much smaller than predicted. 
These exceptional substances are the hard high-melting crystals that are made 
up of light atoms, such as boron, carbon, and beryllium. Moreover, the Dulong 
and Petit law fails for all substances if the heat capacity is measured at low 
temperatures. That is, the heat capacity of a solid is not constant, but depends 
on temperature in the manner illustrated in Fig. 3.38. At the absolute zero of 
temperature, the heat capacity of all substances is zero. As the temperature is 
raised, the heat capacity increases, but at different rates for different substances. 
Finally, in the Innit of very high temperatures, the heat capacity of all solids 
is 6.3 cal/deg per mole of atoms. 


6 


Cy (cal/deg) 


I Heat capacity for silver at constant 
volume, Cy. 


0 
0 100 200 300 400 
T(°PK) 


The kev to understanding the temperature dependence of the heat capacities 
of solids was supplied by Einstein in 1905. It 1s an important argument, for it 
was one of the first demonstrations of the validity of Planck’s hypothesis that 
atomic systems can exist with only certain discrete energies. Before reconstruct- 
ing the details of Einstein’s treatment, let us examine the general outline of the 
calculation. The heat capacity measured at constant volume is given by 


AR 


Cy = AT’ 


where Al is the change mm the total energy of a mole of substance produced by 
the temperature change AT. We shall calculate AZ from the expression 


AK = N A%, 


where N is the number of atoms in the crystal, and Aé is the change in the average 
energy of an atom in the crystal produced by the temperature merease AT. 
Our first objective then is to find an expression that tells us how the average 
energy € depends on temperature. 
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Imagine, as did Einstein, that a mole of monatomic solid consists of N mass 
pomts that can oscillate in the three mutually perpendicular directions with a 
vibration frequency v. According to Planck’s proposal of quantized energy, an 
atom oscillating in one direction could have only one of the energies given by* 


€, = hy, (pO, (ls Zoe, 


where / 1s a proportionality factor between frequency and energy, known as 
Planck’s constant, and 7 is an integer. Planck’s constant has the value 6.6 x 
10—7? erg-sec, and the frequency v is equal to 10!? sec—! for many solids. An 
actual atom 1m a solid is a three-dimensional oscillator, but for simplicity we 
shall continue to treat only a one-dimensional oscillator, and correct for this 
discrepancy later. 

At thermal equilibrium, the oscillators in a crystal will be distributed among 
the various allowed energies according to the Boltzmann distribution law. This 
is analogous to the situation which exists in gases, where the molecules are 
distributed over the available translational energies according to the Maxwell- 
Boltzmann law. The Boltzmann distribution law states that the number JN, 
of atoms with energy €, 1s related to the number No with energy €9 = 0, by 
the expression 

N, = Noe? = Nye. GQ) 


The total number of particles, NV, 1s equal to the sum of the numbers in each 
energy state: 


NON 5 oe Nee Na 
Substitution of the Boltzmann factor, Eq. (8.2), gives 
N = Not Noe l*? + Noe Zeit? 4... 


i? a) 
= No >» mee A le 


n=) 


Now let us compute the total energy duc to the oscillation of the atoms in 
this one direction. We do this by multiplymg each energy e€, by the number of 
particles which have that energy, and adding all these quantities: 


——_ €oNg + €1:N1, + €2No+::: 
= 0No + hyN, + 2hvNo+::- 
= Reed Nem | Oho pe ie? a 


i°.6) 


= No >, nhve FT. 
I 


*Planck’s proposal was slightly in error. The energies allowed to an oscillator are 
given by e, = (n+ 4)hy, where n is an integer. The omission of the $ makes no 
difference in the problem we are treating. 
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We are now in a position to ealeulate €, the average energy of a one-dimen- 
sional oseillator. It is simply 
. 
oN 


or 





iyanes 
é=- ee 


—nhyv{ kT 
prc 


In order to make any more progress, we must evaluate the sums of these 
infinite series. The proceedure is eased considerably if we make the substitution 


(3.3) 


—hv {kT —nhv[kT __ on 
€ — a ae 


— which gives € y 


Then, for the series in the denominator of Eq. (3.8), we get 


ee Se SH yy + yy? + --- 


n=0 n 


— 


i 


This last step ean be verified by algebraic long division of 1 by 1 — y. 
We treat the series in the numerator of Eq. (8.3) in the same manner: 


dy ne IEP — DY ny” = y(l + 2y + 8y? +--°) 
i 


1 
eo 
Ul == aye 


Onee again, this last step ean be cheeked by algebraie division. 
Equation (3.38) now beeomes 


2 fy yee 


a Ta 1 ec lkT 
Multiplying numerator and denominator by e””/*” yields 


7 hy 
ae Te: 
€ — | 


This is the average energy of a one-dimensional oseillator. The average 
energy of an atom in a erystal is three times this amount, sinee the atom vibrates 
in three direetions. Thus 


3hv 


Eatom = gr (3.4) 
€ pra 


is the average energy of the three-dimensional atomie oscillator. 
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Let us now compute the heat capacity of the solid at high temperatures—high 
enough so that hv/kT <« 1. Under these conditions, the denominator of Eq. (3.4) 
simplifies considerably. By the fundamental properties of the exponential 


function, 
wk py hy, A(R)? | LY” 
— 7 1+ hee (te) TERR) © 


But if hvy/k7T << 1, all terms after the second are very small and may be neglected 
in comparison with 1 + hy/kT. We have then 





he[kT ~, hy 
: Slt AT 
which when substituted into Iq. (3.4) gives 
_ Shy — dhv 
grr ee dae 


== dee 
Therefore the total energy of one mole of atoms 1s 
b= Neo Vie, 


and the heat capacity 1s 


AND) | 
C= TG = 3 = 6 cal/mole-deg. 


This result is close to the value used in the Dulong and Petit law. The Duloug 
and Petit constant is usually taken to be approximately 6.3 cal/mole-deg, since 
it refers to Cp, the heat capacity at constant pressure, which ts slightly larger 
than Cy, the heat capacity at constant volume. 

It is more difficult to analyze the behavior of the heat capacity at low tem- 
peratures, since it is not possible to simplify Eq. (3.4) appreciably when 7" is 
very small. Moreover, a simplification of Eq. (3.4) for low-temperature situa- 
tions is not particularly useful, for the Einstein theory is only approximate, 
and its limitations are most serious at low temperatures. Nevertheless, the 
theory is qualitatively correct, and a certain amount can be learned from the 
graph of the expression 
» ONhv 

phelkT 


as a function of temperature which is shown in Tig. 3.39. The slope of the 
curve in Fig. 3.39 is AE /AT, or exactly equal to the heat capacity. At the higher 
temperatures, the curve is a straight line of slope 3Nk = 3k, which cor- 
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responds to the limiting Dulong and Petit law. At lower temperatures, the 
eurve beeomes progressively flatter, AEF/AT’ becomes smaller, and the heat 
eapacity eventually vanishes at absolute zero temperature. 

The important feature of this analysis is the demonstration that when the 
condition hv/KT < 1 1s not satisfied, the heat capacity falls below the limiting 
value of 6 eal/mole-deg. The quantity hv is the difference between the various 
allowed energies of an oseillator, and if this difference were vanishingly small, 
we would always have hy/kT <1 for all finite temperatures, and the heat 
eapacity of solids would always be 6 cal/mole-deg. The failure of the Dulong- 
Petit law is, therefore, a demonstration of the existenee and importanee of the 
separated allowed energies of atomie systems. 


lonergy 


of The dependence of the vibrational 
energy of a crystal on temperature. The 
slope of the line is the heat capacity, Cr. 
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FIG. 3.39 


3.8 CONCLUSION 


The meehanieal, eleetrieal, optical, and thermal properties of a solid are deter- 
mimed by the geometry of its erystal lattice and by the nature and strength 
of the forees that hold it together. Because of the large number of possible 
erystal lattices and the variety of eohesive forees, the properties of one solid 
can differ enormously from those of another. Nevertheless, it is possible to 
detect regularities and relationships in the behavior of solids and to elassify 
them accordingly. Molecular erystals of spherical atoms and molecules tend 
to assume elosest-paeked structures and are volatile and mechanically weak. 
Metals, in general, have a densely paeked strueture—either of the closest- 
packed lattiees or the body-eentered cubic arrangement. The struetures of a 
large number of binary ionic compounds are related to the elosest-packed 
struetures; lous of one charge form an expanded lattiee of the hexagonal or 
cubie closest-paeked type, with ions of the opposite charge occupying some or 
all of either the octahedral or tetrahedral holes. We shall find in our study of 
deseriptive chemistry that the ability to reeognize the similarities and dif- 
ferenees in the erystal struetures of solid compounds will help us to understand 
their ehemieal and physieal properties. 
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3.1 Many of the features of crystal lattices can be appreciated fully only upon 
inspection of a three-dimensional model of the structure. Convenient and inexpensive 
models of crystal lattices can be constructed from gumdrops and toothpicks. Build 
models of the crystal structures shown in this chapter. 


3.2 The density of solid sodium chloride is 2.165 gm/cc, and one mole weighs 
58.448 gm. What are the dimensions of a cube that contains one mole of sold NaCl? 
If the distance between centers of adjacent Na+ and Cl~ ions is 2.819 X 1078 em, 
how many ions of each charge lie along each edge of the cube? Calculate Avogadro’s 
number from these data. 


3.3 Consider a face-centered cubic lattice made up of identical hard spheres of 
radius R. What are the dimensions of a cubical box that will just enclose the centers 
of the 14 spheres shown in Fig. 3.25? What is the volume of this box? Calculate the 
fraction of this volume that the spheres actually occupy. 


3.4 The simple cubic lattice consists of eight identical spheres of radius # in contact, 
placed at the corners of a cube. What is the volume of the cubical box that will just 
enclose these eight spheres, and what fraction of this volume is actually occupied by 
the spheres? 


3.5 The faces of the cubic crystal of sodium chloride shown in Fig. 3.5(a) are parallel 
to the faces of the face-centered cubic lattice of Fig. 3.7. Consequently, each of the 
lattice planes parallel to the cubic faces contains equal numbers of sodium and 
chloride ions. Is the same true of a plane parallel to the octahedral faces of Fig. 3.5(c)? 
To answer, compare Figs. 3.6 and 3.7. 


3.6 A tetrahedral site in a closest-packed lattice can be generated by placing four 
spheres of radius R at alternate corners of a cube. Since the spheres are in contact, 
the length of a diagonal of a face of this cube is equal to 2R. What is the length of the 
body diagonal of this cube? The radius of the tetrahedral hole is equal to the dif- 
ference between half the body diagonal and R. What is the radius of the tetrahedral 
hole? 
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3.7 An atom vibrating about a point in a crystal lattice is in some ways similar to 
a mass vibrating at the end of a spring. For such systems, the vibration frequency 
increases as mass decreases. From this fact, explain why crystals of light atoms like C, 
3, and Be have heat capacities that are smaller than 6 cal/mole at room temperature. 


3.8 When the NaCl crystal is investigated with x-rays of 0.586-A wavelength, the 
first Bragg diffraction occurs at 6 = 5°58’, and comes from planes of ions which are 
parallel to the face of the face-centered cubic lattice. Calculate the separation of 
these planes. What is the smallest distance between sodium and chlorine nuclei in 
the crystal? What is the smallest distance between chlorine nuclei? Consult Fig. 3.7 
for help with this problem. 


3.9 To a first approximation, Schottky and Frenkel defects occur without changing 
the volume of a crystal. Suppose a sodium chloride crystal had 107% atom fraction 
of (a) Frenkel defects and (b) Schottky defects. Calculate the change in density for 
these two cascs from the ideal density of 2.165 gm/cc. 


3.10 A certain sample of cuprous sulfide is found to have the composition Cuy.928, 
because of incorporation of Cut ions in the lattice. What is the ratio of Cut* to 
Cu* in this crystal? 

3.11 Copper has a face-centered cubic structure with a unit-cell edge length of 3.61 A. 
What is the size of the largest atom which could fit into the interstices of the copper 
lattice without distorting it? 

3.12 The heat capacity C, is defined as the derivative of the energy with respect to 
temperature, or C, = dH/dT. Using the expression € = E/N, and Eq. (3.4), evaluate 
Cy by differentiation. Verify the fact that Cy goes to zero as T' goes to zero. 
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CHAPTER 4 


LIQUIDS AND SOLUTIONS 


In previous chapters we have remarked that solids and gases represent the 
extreme states of behavior of collections of molecules. The liquid state can be 
thought of as an intermediate condition in which some of the properties found 
in either solids or gases are displayed. Liquids, like gases, are isotropie aud flow 
readily under applied stress, but like solids, they are dense, relatively incom- 
pressible, and have properties that are largely determined by the nature and 
strength of intermolecular forces. We shall also find that with respect to molec- 
ular order, liquids are intermediate between solids and gases. The fact that 
liquids are isotropic tells us immediately that they do not have the extended 
lattice structure and long-range order of solids. Yet the density of a liquid is 
generally only 10% less than that of its solid phase; this must mean that the 
molecules in a liquid are paeked together with some regularity, and do not 
exhibit the complete chaos associated with molecules in the gas pliase. 

The remarkable ability of liquids to act as solvents is one of their most 
important properties. In the first place, liquid solutions provide an extremely 
eonvenient means of bringing together carefully measured amounts of reagents 
and of allowing them to react in a controlled manner. Second, the nature of the 
reactions which proceed and the speed at which they occur can be greatly 
influeueed by the properties of the liquid solvent medium. I inally, the physical 
properties of solutions are interesting and important, because they can be used 
to determine molecular weights of dissolved substances and to study the nature 
and strength of forees between solvent and solute moleeules. 


4.1 A KINETIC THEORY OF LIQUIDS 


In this chapter, our emphasis will be on the directly observable macroscopic 
properties of liquids and solutions, rather than on the behavior of individual 
molecules. Nevertheless, one of the most engaging and absorbing features of 
the study of chemistry is the attempt to explain the behavior of bulk matter 
in terms of molecular properties. Therefore in this seetion we will outline a 
molecular picture which will help us to understand and relate phenomena 
associated with the liquid state. 

We have remarked that in a liquid, molecules are close to each other, and 
that consequently the forces exerted on one molecule by its neighbors are sub- 
stantial. Thus the problem of analyzing the motion of a single molecule is 
exceedingly difficult, for each is constantly in “collision,” subject to the forces 
of as many as twelve nearest neighbors. What then can we say about molecular 
motion in liquids? One of the most revealing observations in this respect was 
made by the botanist Robert Brown in 1827. Brown discovered that very tiny 
particles (10~*-cm diameter) suspended in a liquid undergo incessant randomly 
directed motion. These motions oceur without any apparent external cause 
such as stirring or convection, and are evidently associated with an intrinsic 
property of all liquids. A wealth of experimental observation has confirmed the 
idea that this Brownian motion is a direct manifestation of the thermal motion 
of molecules. When suspended in a liquid, a very small particle constantly 
experiences collisions with all the molecules surrounding it. If the particle is 
small enough, so few molecules will be able to collide with it that at any par- 
ticular instant the number striking it from one side may be different from the 
number striking it from the other sides; consequently the particle will be dis- 
placed. Subsequently, another unbalance of collisional forees may occur, this 
time displacing the particle in a different direction. The great majority of 
these displacements are so small that they cannot be detected individually, but 
the motion which is observed is a result of many of the smaller random dis- 
placements. In essence, a Brownian particle is a “molecule” large enough to be 
observable, but small enough to execute observable random thermal motion. 

Analysis of the motion of Brownian particles shows that their average kinetic 
energy is 3kT. Since each particle is to be considered as one of the molecules 
of the liquid, we can conclude that the average kinetic energy of a molecule in a 
liquid is also 3k T7—exactly the same as the kinetic energy of a gaseous molecule 
at the same temperature. Even more detailed considerations have led to the 
conclusion that the kinetic energies of molecules in the hquid phase are dis- 
tributed over a very wide range of values according to the Maxwell-Boltzmann 
distribution law, Eq. (2.17). In other words, in liquids, as in gases, molecules 
are In incessant random motion; the average kinetic energy and the fraction of 
molecules with any particular value of the kinetic energy are the same for 
elther phase at the same temperature. However, a molecule in a liquid is always 
subject to the forces of its neighbors, and consequently its potential energy 1s 
lower, and its undeflected trajectories shorter, than if it were in the gas phase. 
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Further insight into the microscopic nature of liquids comes from the tem- 
perature dependence of their densities, or molar volumes. When a substance 
changes from a solid to a liquid, then, in most cases, the molar volume increases 
abruptly by about 10%, and as the liquid is warmed to even higher temperatures 
this expansion continues. This increase in volume upon melting must be a 
consequence of a general “separation” of the molecules and a slight lessening of 
intermolecular forces. 
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Comparison of the x-ray diffraction patterns of (a) a powdered solid, and (b) its liquid. 
(After L. H. Van Viack, Elements of Materials Science, 2nd ed. Reading, Mass.: Addison- 
Wesley, 1964.) 





What is the detailed nature of the melting process? X-ray studies provide 
considerable information. We noted in Chapter 3 that crystalline solids produce 
sharp x-ray diffraction patterns, and that this sharpness is a consequence of the 
extended long-range order of the crystal lattice. What, then, is the nature of 
the x-ray diffraction pattern of a liquid? If the arrangement of atoms in a liquid 
were completely random, we would expect no diffraction pattern at all, only 
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an almost uniform scattering of radiation. If the arrangement of atoms has 
some degree of order in the liquid, we might expect a diffraction pattern that 
somewhat resembles that of a solid. To see the most significant difference 
between a solid and its liquid, the x-ray pattern of a powdered, or microcrystal- 
line, solid must be compared with the diffraction pattcrn of its liquid, as in 
Fig. 4.1. In the powdered sample the crystals are small and randomly oriented, 
and consequently some crystals are oriented so as to satisfy the Bragg diffraction 
condition. The result is a sharp line-diffraction pattern shown schematically 
in Fig. 4.1. The diffraction pattern of the liquid sample also shows a definite 
structure, and the intensity maxima correspond approximately to those found 
in the polycrystalline solid. This must mean that in a liquid, a certain amount 
of regularity in the packing of the atoms exists. The most important qualitative 
feature of the diffraction pattern of the liquid, however, is that the lines are 
diffuse, not sharp hke those of the solid. A diffuse diffraction pattern means 
that the diffraction angle 6 is not well defined. If we refer now to the Bragg 
diffraction equation 


nr = 2d sin 6, 


we see that if the diffraction angles @ are not well defined, it must mean that 
the distance d between the repeating units is not always constant. In other 
words, the diffuse x-ray diffraction patterns of liquids show that at any one time, 
there are atoms separated by various values of d, and it is in this sense that the 
structure of a liquid is disordered. The uncertainty or variability of the separa- 
tion of atoms means that a regular lattice unit which would repeat itself in- 
definitely simply does not exist. 

While the separation of atoms in the liquid state has no single well-defined 
value, their diffuse x-ray patterns can be interpreted to yield the probability 
that an atom will be found at any distance r from another atom. Let p be equal 
to the number of atoms per cubic centimeter. Then the quantity 477rp Ar is 
the number of atoms in the spherical shell of radius r and thickness Ar. The 
probability of finding an atom at a particular distance r from the center of 
another atom is proportional to 4mr7p; this quantity is plotted in Fig. 4.2. 
We see that 47r’p is zero when r is less than the van der Waals diameter of an 
atom, but rises very rapidly to a sharp maximum for r in the vicinity of the 
van der Waals diameter. This indicates that a large fraction of the atoms are 
in what might be described as an almost close-packed situation. At somewhat 
larger values of r, the probability of finding an atom decreases, since the pres- 
ence of the nearcst neighbors to an atom fends to prevent there being any atoms 
located at, let us say, onc and one-half the van der Waals diameter. However, 
note that the probability of finding an atom does not fall to zero at any value 
of r. This is a consequence of the imperfect packing, which allows atoms to be 
separated by any distance. The several maxima in the radial distribution curve 
show that there are most probable separation distances which are approximately 
equal to onc or two times the van der Waals diameter of the atoms. 
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It is helpful to compare the broad maxima in the probable locations of atoms 
in the liquid phase with the very sharp exact locations of atoms in the cor- 
responding crystalline solid. The latter are shown in Fig. 4.2 as vertical lines 
whose location is set by the crystal lattice and whose height is proportional 
to the number of atoms at the particular separation distance. Thus the set of 
vertical lines represents the radial distribution function of the solid. Comparison 
of the radial distributions for the two phases supports the idea that in the liquid 
phase atoms are packed together in a disordered manner, and that liquids do 
not have the extended lattice structure of solids. 
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Atomic distribution curve for liquid 
sodium calculated from x-ray diffrac- 
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Figure 4.3 is a schematic comparison of the structures of a solid and a liquid 
and illustrates the ideas we have just discussed. In the liquid, there are regions 
in which the arrangement of the atoms is nearly perfect closest packing. How- 
ever, there are atoms in other regions that have only five or four nearest neigh- 
bors, instead of six. This irregularity in packing introduces gaps or “holes” 
into what might otherwise have been a perfect closest-packed structure. Due to 
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the incessant random motion of the molecules, these “holes” are not of definite 
size or shape, and they can spontaneously appear, be distorted, and move from 
one place to another. Since the introduction of these holes increases the average 
distance betwcen molecules, comparcd to what it would be in a solid, the average 
intermolecular potential energy of a liquid must be higher than that of a solid. 
It is precisely for this reason that the latent heat of fusion must be supplied to 
melt a solid. 

This picture of the destruction of the solid lattice upon melting is consistent 
with the existence of sharp melting temperatures. It 1s not possible to introduce 
the disordered liquid structure gradually into the solid lattice over a range of 
temperatures. Order is a property associated with the arrangement of many 
atoms, and one cannot have a structure which is at the same time ordered and 
disordered. Thus melting and freezing are cooperative phenomena which involve 
a concerted rearrangement of large numbers of atoms. Melting occurs abruptly 
when atoms acquire cnough thermal cnergy to destroy the energetically more 
stable crystal lattice in favor of the more disordered liquid structure. 





Schematic view of structure in (a) acrystal and (b)a liquid. (After G. W. Castellan, Physical 
Chemistry. Reading, Mass.: Addison-Wesley, 1964.) 


There are other properties of liquids which can be readily explained in terms 
of their disordered structure. Consider, for example, the fluidity of liquids. 
At the freezing temperature, a solid and liquid both contain the same type of 
molecule at the same temperature. Yet the solid structure is rigid, and the 
liquid yields to an applied stress. To explain this we need only recall that in 
order to deform a perfect crystal lattice, large numbers of atoms must be dis- 
placed relative to oe another at the same time. Because so many atoms must 
move at once, deformatiou of a solid is opposed by strong intermolecular forces. 
However, if defects exist in the crystal lattice, the difficulty of producing a 
deformation is reduced considerably. The defects provide low-energy paths by 
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which atoms can be displaced. In a liquid, of course, these defects are present 
in profusion. That is, the intrinsically disordered structure of a liquid provides 
many paths by which groups of atoms can be moved past one another without 
a serious increase in the cxisting average interatomic separations. In effect, 
the irregularities or holes in the structure provide a flow mechanism in which 
only a few molecules need move simultaneously, and the intermolecular forces 
which resist such motion are consequently relatively small. A molecule near a 
hole may move into it, and the vacated site in turn may be occupied by another 
molecule, and so on. Thus molecular displacement occurs without a serious dis- 
turbance of the liquid structure. The spontaneous diffusive mixing which occurs 
when two liquids are brought into contact proceeds by a similar mechanism. 
As holes appear, disappear, and change shape, the molecules of the two lhquids 
can intermingle simply as a result of their ever-present thermal kinetic energy. 
Question. Can you explain why atomic size is generally not a critical factor in determining 


the solubility of substances in liquids, whereas it is very important in determining their 
solubility in solids? 


4.2 PHASE EQUILIBRIA 


A large part of this chapter 1s concerned with situations in which two phases 
exist together in a closed container. If no neé conversion of one phase to the 
other 1s occurring, the two phases are said to be 1m equilibrium with each other. 
A thorough understanding of both the qualitative and quantitative aspects 
of physical and chemical equilibria is absolutely essential to the study of chem- 
istry. Fortunately, a study of phase equilibria provides a number of simple 
illustrations of the important general features of all equilibria which we will 
use repeatedly throughout this book. Before discussing phase equilibria in 
detail, we shall examine the energetic relations between the phases. 
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In order to accomplish or to describe a controlled experiment, a scientist starts 
by isolating or defining the part of the physical universe in which he is interested. 
This part of the universe under investigation 1s called the system; all other 
external entities which may influence the behavior of the system are known as 
the surroundings. In this section our systems will be pure materials that can 
be interconverted between the liquid, gaseous, aud solid states by appropriate 
modification of their surroundings. 

Anyone who has stepped from a swimming pool into a brisk breeze knows 
that when water (the system) evaporates, 1t absorbs heat from its surroundings 
(the skin, in this case). The same effect may be expericnecd with any other 
liquid which has a low boiling temperature. Some liquids, such as ethy] chloride, 
can freeze the skin upon evaporation, and are used as local anesthetics. It is 
also well known that when a gas condenses to a liquid, it releases heat to its 
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surroundings. The absorption of heat upon evaporation and its evolution upon 
condensation are direct demonstrations that the energy of a liquid is lower than 
that of a gas at the same temperature. In order for a liquid to evaporate, work 
must be done against the attractive forces between the molecules, and this 
requires that energy be supplied as heat from the surroundings. Conversely, 
when a vapor condenses, the system goes to a state of lower energy, and thus 
energy 1s transferred as heat from the system to its surroundings. 

The amount of heat absorbed when one mole of liquid evaporates is of m- 
terest, smce it is a measure of the intermolecular potential energy. For instance, 
when one mole of water is completely vaporized at 25°C, it absorbs 10,519 cal 
from its surroundings. One way of representing this is 


H»,O(1) + 10,519 cal — H,O(g). 


However, there is another way of deserirbing the energetics of this process which 
has the advantage of emphasizing the change which takes place in the system. 
The amount of heat absorbed by the system in any change which takes place 
at constant pressure \s called the enthalpy change of the system, and is symbolized 
by AH. If a system absorbs heat, its enthalpy increases, and AH is a positive 
number; if the system evolves heat, its enthalpy decreases, and AH is a negative 
number. Thus enthalpy may be thought of as a sort of heat content of the 
system; indeed, the words “heat content” and “enthalpy” are sometimes used 
synonymously. With these definitions in mind, we can write 


H,O(1) — H2O(g), AH = 10,519 cal/mole, 


to indicate that when one mole of water evaporates at a constant pressure, 
10,519 cal are absorbed by the system. For the condensation process we have 


H2O(g) — H.O()), AH = —10,519 cal/mole, 


where Af is negative, since the system loses heat to its surroundings. 

Now let us pursue the suggestion that the enthalpy of vaporization, which 
we symbolize by AH,,p, is a measure of the potential energy of attraction be- 
tween molecules. Liquids in which the attractive forces between molecules are 
very strong should have large values of AHy,p. In fact, there should be a general 
parallelism between AH,,p and €, the minimum value of the potential energy 
of two molecules determined by gas imperfections. Table 4.1 compares € and 
AH yap for a number of gases, and a perusal of the values shows that € andAH,,p 
are quite definitely related. Both factors increase as the number of electrons 
in the molecules increases. 

The direct conversion of a solid to a vapor is called sublimation. In the sub- 
limation process, heat must be supplied to the system in order to overcome the 
attractive forces between molecules in the solid state, and the amount of heat 
absorbed by the system when one mole of solid sublimes is known as the enthalpy 


4.2 | PHASE EQUILIBRIA 


137 


138 


Table 4.1 Enthalpy of fusion and vaporization 





Substance AHrus (kcal) AH yap (kcal) «* (kcal) Ty (°K) 
Oo 0.106 163 0.225 90 
No one i233 Ons 74 
Ho 0.028 0.216 0.673 20 
He 0.005 0.020 0.020 4 
Ar 0.265 1.56 0.236 87 
Xe 0.490 3.02 0.440 166 


CHy 0.225 eee be O.272 pi 


* The energy that corresponds to the minimum of the Lennard-Jones potential 
for the interaction of a pair of molecules, expressed in kcal/mole. 


of sublimation, AH gy. Thus for the iee-water vapor conversion we have 
H.,O(s) — H.O(g), AH = AB — 11,955reee 


Closely related to the enthalpies of sublimation and of vaporization is the 
enthalpy of fusion, the heat absorbed when one mole of solid is converted to 
liquid at a constant pressure. I°or the ice-water transition we have 


H.O(s) a H.O()), A AHG = 1436car 


Note that the direct conversion of solid to vapor is equivalent to melting the 
solid first, and then allowing the liquid to evaporate. Sinee the initial and final 
conditions of the system are the same, the values of AH for the two processes 
must be equal. Thus 

AH sub = AH gus ae BV olen 


We can see that this relation holds for water, since in this ease we have 14386 + 
10,519 = 11,955, and experimental data for other substanees confirm its 
general validity. 

Examination of the data in Table 4.1 shows that AH;y, is always considerably 
less than AH,,, for a particular substanee. Our picture of the solid, liquid, and 
gaseous states is entirely in aceord with this fact. We have remarked that in a 
liquid the molecules are somewhat more loosely packed than in a solid. This 
small diminution in density shghtly deereases the effect of the attractive forces 
between molecules, and consequently a relatively small amount of energy is 
required to convert a solid to a liquid. The evaporation of a liquid separates the 
molecules entirely, and thus reduces essentially to zero the attractive forces 
between molecules. Evaporation produees a far more profound change 1n 
molecular environment than does melting, and consequently AHyap 1s larger 
than AA ;,;. 


Question. Plot AH,,,p as a function of € for the substances in Table 4.1. Can you interpret 
the significance of any approximate numerical relation you might find between ¢€ and 
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Liquid-Vapor Equilibrium 


A lquid of relatively low boiling tempcrature placed in a container open to the 
atmosphcre will cventually evaporate entirely. Remembering that moleeules 
in the liquid are “bound” by attractive forees to their neighbors, we might ask 
why some are able to overcome these forces and leave the liquid spontaneously. 
The answer hes in a consideration of the possible magnitudes of moleeular 
kinetic energies, for these, as we have already mentioned, range from very low 
to very high values, and are distributed aceording to the Maxwell-Boltzmann 
law. Therefore, even if the average potential energy which binds the molecules 
to the liquid is substantial, there are always some molecules whieh have enough 
kinetie energy to overeome the binding forces and enter the vapor. According 
to the Maxwell-Boltzmann law, the fraetion of the moleeules whieh have kinetie 
energies greater than some minimum value €, the value required for the molecules 
to leave the liquid, is proportional to the Boltzmann faetor, e~‘/*”. Therefore, 
as long as the temperature remains constant, the fraction of liquid molecules 
with enough kinctic energy to evaporate remains the same, and evaporation 
eontinues. If the vessel is open to the atmosphere, vapor molecules are swept 
away, and evaporation continues until no liquid is left. 








Evaporation rate 


Rate 





‘6 d ati rat 1 
Pee auion. rate The time dependence of evaporation and 


condensation rates for a liquid evaporating 
into a closed container. 


Time 


Now let us analyze what happens when a liquid is placed in a closed evaeuated 
eontainer. Immediately the liquid starts to evaporate at a rate whieh is primarily 
determined by the fraetion of moleeules whieh have enough kinetic energy to 
overeome attraetive forecs and leave the surface. Initially the rate of con- 
densation is zero, for there are no molecules in the vapor. As long as the 
temperature stays eonstant, evaporation continucs at a constant rate, and the 
number of moleeules in the vapor phase inereases. Concurrently, the rate of 
condensation starts to inereasc, for as the pressure of the vapor grows, the 
number of gas moleeules which collide with and reenter the liquid surfaee also 
inereases. 

The time dependenee of the evaporation and condensation rates is shown in 
Fig. 4.4. As the condensation rate grows, it eventually beeomes equal to the 
rate of evaporation. At this time the number of moleeules whieh enter and whieh 
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leave the vapor per unit time is the same, and consequently the pressure of the 
vapor stops increasing and remains constant. If the system is left undisturbed 
at a fixed temperature, evaporation and condensation continue at equal rates, 
and the pressure of the vapor remains unchanged. This, then, is a situation of 
equilibrium between the two phases. Note particularly that at equilibrium, 
evaporation and condensation do not stop, but that the constancy of the equi- 
librium vapor pressure 1s a consequence of these opposing processes procceding 
at equal rates. Thus we say that phase equilibrium is dynamic in nature. 

Suppose now that the liquid-vapor system is at equilibrium in a cylinder 
closed by a movable piston. What will happen if we suddenly raise the piston 
and increase the volume of the cylinder by a small amount, and at the same 
time, keep the temperature of the system constant? The immediate effect is to 
lower the pressure of the vapor, thereby removing the system from the equi- 
librium state. Because there are fewer molecules of vapor per unit volume, the 
number of collisions per unit time with the hquid surface 1s lowered, and the 
rate of condensation decreases. Nevertheless, the rate of evaporation does not 
change, for the expansion in no way alters the state of the liquid. Thus the 
consequence of the disturbance is that the rate of evaporation 1s once again 
greater than the rate of condensation—a condition which will inevitably cause 
an imcrease in the number of vapor molecules, a subsequent equality of the 
evaporation and condensation rates, and the restoration of phase equilibrium. 

Now let the system, initially at equilibrium, be subjected to a sudden de- 
crease 1n its volume. The initial consequence is to inercase the concentration 
of molecules in the vapor and thus increase the rate of condensation. Once 
again, the rate of evaporation remains unchanged. With the condensation rate 
greater than the evaporation rate, the number of molecules in the vapor starts 
to decrease, and continues to do so until the rates of the opposing processes 
become equal and equilibrium is restored. Thus, regardless of the direction in 
which the system is displaced, it inevitably returns unaided to the equilibrium 
state. 

Note particularly that the equilibrium vapor pressure is set by the equality 
of the condensation and evaporation rates, and that the evaporation rate, 
determined only by the fraction of molecules which have enough cnergy to 
leave the liquid, is always constant at a fixed temperature. Therefore, at a 
fixed temperature, the equilibrium vapor pressure is always the same, regardless 
of the direction from which the system approached equilibrium. 


The Equilibrium State 
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Now it is possible to draw from our discussion of liquid-vapor equilibrium some 
very uscful gencralizations that apply to all situations of physical or chemical 
equilibrium. We have emphasized that the potential energy of molecules in the 
liquid state is lower than that of molecules in the gas phase. We have also 
observed that a liquid left undisturbed in a closed container inevitably moves 
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toward a state of cquilibrium in which there is a definite concentration’ of 
molecules in the vapor phase. Thus it follows that at equilibrium the system is 
not in a condition of minimum energy, for the energy of the system can always 
be lowered by condensing the vapor entirely. This conclusion may sccm strange, 
for all our experience with simple mechanical systems suggests that they scck 
an equilibrium condition in which their energy is as low as possible; that is, 
objects fall, clocks run down, a stirred liquid stops moving. All these phenomena 
can be summarized by saying that mechanical systems seck a resting place of 
minimum energy. 

Almost the same thing can be said about molecular systems. It is clear that 
one of the driving forces that determines the behavior of molecular systems is 
the tendency to seck a state of the lowest possible energy. After all, this is the 
reason that a gas condenses or that a liquid freezes. But it is also certain that 
the tendency toward minimum energy cannot be the only factor governing the 
behavior of molecular systems; if it were, no gases would exist at any tem- 
perature. There is another driving force, just as important as the energy factor. 
To put it briefly, it is the tendency of systems to assume a state of maximum 
molecular chaos, or disorder. 

Perhaps the simplest demonstration of this tendency is the observation that 
an ideal gas will expand spontaneously into an evacuated space. Surely the 
gas does not do so in order to achicve a state of lower energy, for we have seen 
that the energy of an ideal gas depends only on its temperature, and this need 
not change during the expansion. However, when a gas occupies the larger 
volume, all molecules have more spacc available to them, and it is more difficult 
to predict the exact position of any one of them. Whenever the detailed arrange- 
ment of the molecules is unknown or unknowable, we say that the system is 
disordered. Thus we can justifiably describe the expansion of an ideal gas by 
saying that 1t increascs the variety of positions available to molecules, and 
thereby inercascs the disorder of the system. 

The evaporation of a liquid provides still another illustration of the tendency 
toward maximum disorder. In the liquid state, the motion of any one molecule 
is somewhat limited by the presenee of its neighbors. The molecules are ar- 
ranged in a manner such that if we know where one is, we can predict the 
location of others with some certainty by using the radial distribution function. 
This possibility is diminished considerably for molecules in the gas phase, where 
at any instant the distribution of the molecules is completely random. Thus 
we can Classify the gas phase as a condition of greater molecular chaos than the 
liquid or solid phases. 

Now if the tendency of systems to move toward a state of maximum molcc- 
ular chaos were all-important, all materials would eventually evaporate or 
dissociate entirely, and there would be no solids or liquids at any temperature. 
Thus, on one hand, we have the drive toward lowest energy, that can be followed 
by allowing molecules to associate in one of the condensed phases, and on the 
other hand, we have the drive toward molecular chaos, which could be achieved 
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by the evaporation or separation of molecules into independent units. The 
condition of equilibrium must be one which is the best compromise between 
these two conflicting drives toward maximum chaos and minimum energy. 
Consequently we have two ways of interpreting the condition of liquid-vapor 
equilibrium. I*rom one point of view, equilibrium represents the situation in 
which the rates of evaporation and condensation are equal. Irom the other 
viewpoint, equilibrium is the condition of most favorable compromise between 
the natural tendencies of the system to reach minimum energy and maximum 
chaos. 

By now it should be clear that the concept of molecular chaos is important 
not only in the description of the nature of atomic arrangements in pure phases, 
but also in understanding the factors that are responsible for phase changes 
and phase equilibria. In fact, molecular chaos is a concept useful in the analysis 
of any phenomenon, chemical or physical, which involves collections of mole- 
cules. We shall find in Chapter 8 that it is possible to define and determine 
experimentally a property of a system that measures molecular chaos. This 
property is called entropy. A full appreciation of what entropy is and how it 
depends on the properties of systems requires the thermodynamic arguments 
presented in Chapter 8, but for the present we shall find the qualitative asso- 
ciation between entropy and molecular chaos to be sufficient. What we have 
said about the nature of sohds, hquids, and gases suggests that the entropy of 
a liquid is greater than that of a solid, and that the entropy of a gas is greater 
than that of either a liquid or sold. Our remarks about the natural tendency 
of systems to reach a state of molecular chaos can be rephrased to say that 
systems have a tendency to reach a state of maximum entropy. 

To summarize our discussion, we can hst four important features of all 
equilibria which have been illustrated by the lquid-vapor equilibrium: 


1. Equilibrium in molecular systems is dynamic and is a consequence of the 
equahty of the rates of opposing reactions. 


i) 


. A system moves spontaneously toward a state of equilibrium. If a system 
initially at equihbrium is perturbed by some change in its surroundings, it 
reacts m a manner which restores it to equilibrium. 


3. The nature and properties of an equilibrium state are the same, regardless 
of how it 1s reached. 


4. The condition of a system at equilibrium represeuts a compromise between 
two opposing tendencies: the drive for molecules to assume the state of 
lowest energy and the urge toward molecular chaos or maximum entropy. 


Temperature Dependence of Vapor Pressure 


Experimental measurements show that the equilibrium vapor pressure of a 
hquid increases as the temperature increases. Data that illustrate this point 
are shown in I*ig. 4.5. li the temperature range im which the vapor pressure 1s 
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small, it is relatively insensitive to the temperature, but the vapor pressure 
grows at an increasing rate as the temperature is raised. The temperature at 
which the equilibrium vapor pressure becomes equal to 1 atm is called the 
normal boiling temperature, or the boiling point. In the boiling process, bubbles 
of vapor form throughout the bulk of the liquid. In other words, evaporation 
occurs anywhere in the liquid, not just at the upper surface. The reason that 
this occurs only when the vapor pressure equals the atmospheric pressure is 
easy to understand. In order for a bubble to form and grow, the pressure of the 
vapor inside the bubble must be at least equal to the pressure exerted on it by 
the liquid. This in turn is equal to the pressure of the atmosphere plus the very 
small pressure due to the weight of the liquid above the bubble. Therefore, 
bubble formation and boiling occur only when the vapor pressure of the liquid 
is equal to the pressure of the atmosphere. 
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The initiation of a bubble in the bulk of a pure liquid is a very difficult process, 
since 1t requires that many molecules with kinetic energies greater than that 
required for vaporization must be close to one another. Hence the fact that 
the liquid reaches the boiling temperature is no guarantee that boiling will 
occur. If it does not, continued addition of heat will cause the liquid to become 
superheated; that is, to reach a temperature greater than its boiling point. 
When bubble formation in a superheated liquid finally occurs, it does so with 
almost explosive violence, because the vapor pressure in any bubble formed 
greatly exceeds atmospheric pressure, and the bubbles tend to expand rapidly. 
Such violent boiling, called bumping, can be avoided by introducing agents 
which initiate bubbles in the liquid as soon as the boiling temperature is reached. 
Porous pieces of ceramic material which evolve small bubbles of air into which 
evaporation can occur serve very well in this application. 

l'rom Fig. 4.5 we can see that comparison of boiling points is a convenient, 
if approximate, way of evaluating the relative volatilities of liquids. That is, 
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liquids that boil at low temperatures usually have vapor pressures that are 
greater at all temperatures than the vapor pressures of liquids that boil at much 
higher temperatures. However, some of the curves in [*ig. 4.5 cross each other, 
showing that there are exceptions to the correspondence between vapor pres- 
sure and normal boiling temperature. Another point of some importance is the 
correlation between AH,,, and the normal boiling temperature. Reference to 
Table 4.1 shows that liquids with high boiling temperatures have relatively 
large enthalpies of vaporization. Thus a liquid in which the intermolecular 
forces are large will, in general, have a high boiling temperature. 


Phase Diagrams 


FIG. 4.6 
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A solid, like a liquid, can exist in equilibrium with its vapor in a closed container. 
Thus at any fixed temperature, each solid has a characteristic fixed vapor pres- 
sure. The vapor pressure of a solid increases with increasing temperature, and 
it is informative to plot the vapor pressure of a solid and that of its liquid on 
the same diagram, as is done in Fig. 4.6. The vapor pressure of the solid in- 
creases more rapidly as the temperature is raised than does the vapor pressure 
of the liquid. Therefore, there is an intersection of the two vapor-pressure 
curves. At the temperature corresponding to the intersection, the liquid and 
solid phases are in equilibrium and have the same vapor pressure. It 1s not 
dificult to construct an argument which shows that in this condition, liquid 
and solid must be in equilibrium with each other. 


Vapor pressure of liquid 





Vapor pressure 


Vapor pressure of a solid and its liquid, as 


a function of temperature. Vapor pressure of solid 





Temperature 


Consider the apparatus shown in Fig. 4.7. One bulb contains a solid, the 
other its liquid, and the two bulbs are connected so that vapor can pass freely 
from one to the other. Now let both bulbs be immersed in a bath at temperature 
T,. If the vapor pressure of the solid at 7, is less than that of the liquid, then 
gas will flow from the bulb containing the liquid to that containing the solid. 
As this flow persists, the liquid evaporates, and the vapor condenses as solid. 
This continues until all the liquid has evaporated. Alternatively, 1f the ap- 
paratus is held at a temperature 7’, at which the vapor pressure of the solid 1s 
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greater than that of the lhquid, the vapor flows from the solid to the liquid. 
This is accompanied by evaporation of the solid and condensation of the vapor 
to the liquid, and the process continues until all the solid is eonsumed. 

Clearly, the solid and liquid are not in equilibrium with each other at tem- 
perature 7’, or 7's, for if they were in equilibrium, the system would not ehange, 
and both phases would remain indefinitely. In eontrast, if the temperature of 
the apparatus is set at 79, at whieh the vapor pressures of the liquid and solid 
are the same, the pressure 1s uniform, and there is no tendency for vapor to 
flow from one chamber to the other. Thus both the liquid and solid phases 
remain indefinitely. This persistence of the state of the system indicates that 
the solid and liquid phases are in equilibrium at a temperature at which their 
vapor pressures are the same. This situation is a specific example of an important 
general principle: if each of two phases is in simultaneous equilibrium with a 
third, then the two phases are in equilibrium with each other. 


—. Apparatus for the equilibration of two 
phases not in contact. 





Liquid 


The temperature at which liquid, vapor, and solid are in simultaneous equl- 
librium with one another is called the triple-point temperature. The triple point 
is usually very close to what is known as the freezing point, which is the tem- 
perature at which liquid, vapor, and solid are in simultaneous equilibrium 
in the presence of 1-atm pressure of air. For example, liquid water and ice are 
simultaneously in equilibrium with water vapor only at a temperature of 0°C, 
in the presence of l-atm pressure of air. When air is completely eliminated 
from the container, water, ice, and water vapor are simultaneously in equi- 
librium only at a temperature of 0.0098°C. This temperature is called the triple 
point of water, and we see that it differs only slightly from the normal freezing 
point. 

Let us consider the equilibrium among water vapor, ice, and liquid water in 
more detail. The vapor pressure of water at the triple point 1s 4.579 mm. What 
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FIG. 4.2 


- . * 5 


eer) &64rn22 (5 (1S SXTEIES Grea puted WwW iB S| MeM ov 8&8 DSH Were 
= » 


ee - = e& - 
= = ew a7 = ~ — aan 4  @ =? > Soa - xs. ~~. Vsiiy emizisihy Wei 
& > ——+ 2 a0 — - wh ~ # = 29 = es a a ne # = eel wae ale . = | moans & _ hy i= — 

= iad - - F 


a! 4 . ms] 1 
me BrosSsere Wa ihe 2 eeR Ee Tere imetessed. ihe lempersture t™! the 


=- ' ae - e ia —_ oI 
svsqem mesa be bewered, om ecue jer Geel wee Omi eater ie remem of courtier, 
a. x ~~ = cil § a. c > = 
Ter each oressare graasze than 4.579 mm. there *: only ope neruculsr value & 


(he iemiperscere 81 which ke sad wster can beth De present at equibbram. 
‘es ibe pressure imereases the iemrersrure nacessary tO Maimiain equilorum 


* = 


thd: K 10 sav thst ss the pressure applied wm 


ae 


ba 
| 


Trost 


Cm 





Tm pnese Geacras Me eeietr (401 Maun 45 ‘ 
























Figure £8 is called the phase diagraze for water. The lines represent smu 
tancons values ef pressure aud temperature 24 which two phases may be pre 
at equiliwium Ai the tempersva ceahaail dind pilteaitth vhs te. a5 he ee 
Remid water sad tus vapor cam be aa eguilibraum. Along ine line OB. 1@ a had 
ey A er arta a ae ge ue 
both ice and Liquid ster ane in equilibrium Sie along OC. Only at the 5 
and arate cormaponding w ibe uiple point (0.GE*C, 4.579 1 
ice. elias aietdiadsientichiit: tmsubd ef plat The 
tetween the eurves represen! winperauures and pressures at which ¢ 
phese can ens. 

Figure £8 shows that when ie: melts. ine vapor preware is o 
then 740mm. This is the behavier which ib observed for x 
ate ee are solids whose vapor p 
w rnperturs which ee aoe than ct pein 
sed cesar nti agers Aes ern 

















LIQUEDS AMID SOLUTIONS | 4.2 


EEE 


perature at which the vapor-pressure curve intersects the 760-mm line is known 
as the normal sublimation temperature. Solid carbon dioxide evaporating at 
J-atm pressure maintains a constant temperature of —78.1°C. Carbon dioxide 
ean be liquefied only by raising the applied pressure to at least 3880 mm 
(5.1 atm); at this pressure carbon dioxide melts at a temperature of —56.6°C. 


4.3 THE PROPERTIES OF SOLUTIONS 


It is difficult to give a definition which tells clearly and briefly how solutions 
differ from mixtures and compounds, in spite of the fact that solutious are 
among the most familiar substances in nature. However, it is often true that the 
most common concepts are the most difhcult to define precisely. A solution is 
a homogeneous substance that has, over certain limits, a continuously variable 
composition. The word “homogeneous” sets a true solution apart from a me- 
chanical mixture, for mixtures have macroscopic regions which have distinct and 
different composition and properties. The properties and composition of a 
solution are uniform, as long as the solution 1s not examined at the molecular 
level. There are substances, however, which cannot be clearly classified as 
solutions or mixtures. A solution of soap in water has a cloudy appearance due 
to particles which consist of many soap molecules collected together. Such a 
substance has properties and composition which might be described as either 
inhomogeneous or homogeneous depending on the experiment which is to be 
done. Therefore there is no sharp dividing line between mixtures and solutions. 
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The requirement that solutions have continuously variable composition 
distinguishes them from most compounds. However, as we saw in Chapter 1, 
many solid materials which we commonly think of as compounds actually 
show variable composition. Cuprous sulfide and ferrous oxide are examples of 
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compounds whieh might also be thought of as solutions. No matter how eare- 
fully we make our definitions of solution, mixture, and compound, we must 
expect to find certain substances which cannot be uniquely elassified as one of 
these. There is no reason to expect nature to be cooperative and produce only 
substanees whieh are easily elassified, and since this is the ease, the most useful 
definitions are often the shortest, rather than the most exhaustive. 


Types of Solutions 


Just as the variables, pressure, volume, and temperature, were used to deseribe 
the state or condition of pure gases, liquids, and solids, these and certain other 
variables must be used to describe solutions. First, some statement must be 
made about what chemically important constituents are present in the solution. 
A solution of ethyl aleohol (C2H;OH) and water really contains three elements, 
hydrogen, oxygen, and carbon. However, beeause there is a quantitative rela- 
tionship (the law of definite composition) between the amounts of earbon, 
hydrogen, and oxygen in ethy! aleohol, and a similar relationship between the 
amounts of hydrogen and oxygen in water, the composition of the solution can 
be eompletely described by specifying only the quantities of aleohol and water 
used to prepare the solution. The substanees used to speeify the composition 
of a solution are known as components. One-of the components, usually the 
one present in greatest quantity, 1s called the solvent; any other component is 
ealled a solute. 

There are many possible types of solute-solvent pairs. A mixture of two 
gases satisfies our definition of a solution, but the properties of gaseous mixtures 
have been treated by Dalton’s law in Chapter 2, and we shall not eonsider them 
again here. Other types of solutions that are important are: 


1. liquid in liquid, 4. liquid in solid, 
2. solid in liquid, 5. gas in solid, 
3. gas in liquid, 6. solid in solid. 


Of these, the first three are common, and the last three, called solid solutions, 
oceur less frequently. Mereury dissolved in zine, hydrogen gas dissolved in 
palladium metal, and zine dissolved in copper are examples of solutions in whieh 
a liquid, gas, and solid, respectively, are dissolved in a solid. Apart from their 
meehanieal properties, solid solutions do not differ greatly from the solutions 
of liquids whieh we shall diseuss in detail. 
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In addition to the qualitative statement of what components are present in a 
solution, some specification of the amount of each component must be made. 
Usually only the relative amounts of the eomponents are speeified, since the 
properties of solutions do not depend on the absolute amounts of material 
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present. he relative amount of a substance is known as its concentration and 
is expressed in five common sets of units: 


1. Mole-fraction units. ‘he mole fraction of component 1 is the number of moles 
of component 1 divided by the total number of moles of all the components of 
the solution. For a solution made up of two components, 1 and 2, we have: 


n 
mole fraction of component 1 = ——*+— ; 
Ni + Ne 
. 9 
mole fraction of component 2 = ——-— ; 
nN, + Ne 


where rn, and n> are the number of moles of components 1 and 2 in the solution. 
Commonly, the symbol x stands for the composition expressed in mole-fraction 
units. That is, in our example 


ny ne 


ee 2 
Ny + No Bh See 


For an arbitrary number (7) of components we would have 


: ny : ne 
R a 5 <0 eS 
Sto + 7, oe eee 


It is always true that the sum of all the mole fractions is unity: 


oy does eee 


Mole-fraction units are useful when it is desirable to emphasize the relation 
between some concentration-dependent property of a solution and the relative 
numbers of molecules of solute and solvent. 


2. Molality. The molality of a solution is defincd as the number of moles of 
solute in 1000 gm of solvent. Molality is commonly symbolized by the lower- 
case letter m. Thus a 1-m aqucous solution of sodium chloride contains one mole 
of sodium ions and one mole of chloride ions in 1000 gm of water. Molality 1s 
a useful unit in calculations dealing with the freezing and boiling points of 
solutions, but the fact that it is dificult to weigh out liquid solvents makes 
molality an inconvenient unit for common laboratory work. 


3. Molarity. This is the most common concentration unit. The molarity of a 
solution is the.uumber of moles of solute in 1 liter of solution. The symbol 
for molarity is AJ. A_0.2-Af solution of BaCly contains 0.2 mole of the salt 
barium chloride in a liter of solution. The concentration of barium ion is 0.2 Af 
as well, but the concentration of chloride ion is 0.4 AZ, since there are two moles 
of chloride ion in every mole of barium chloride. Molarity is a very convenient 
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unit for laboratory work, since aqueous solutions of known molarity can be 
prepared easily by weighing out small amounts of solute and measuring the 
volume of solution in calibrated containers. However, since the volume of a 
solution depends on temperature, the coneentration expressed in units of 
molarity also depends on temperature. This is a disadvantage which the mole- 
fraction and molality units do not have. 


4. Formality. The formality of a solution is the number of gram-formula weights 
of solute per liter; the symbol for this unit is /. Formality 1s very similar 
to molarity, and its use avoids the difficulty of assigning a molecular weight to 
something (such as NaCl) that contains no discernible molecules. If the formula 
of sodium chloride is written as NaCl, a 1-F NaCl (one-formal) solution con- 
tains 58.5 gm of sodium chloride in one liter of solution. When an actual 
molecule (and hence molecular weight) exists, molarity and formality become 
identical. For solutions of ionic substances, or materials for which only em- 
pirical formulas are known, formality would seem to be the preferred unit of 
concentration. However, most chemists avoid the use of formality as a con- 
centration unit in the interest of uniform notation. This book, for instance, 
will always refer to a solution which contains 58.5 gm of sodium chloride per 
liter as a 1-A7 NaCl solution, even though no sodium chloride molecules exist 
in solution. 


5. Normality. The equivalent weight of any material 1s the weight which would 
react with, or be produced by, the reaction of 7.999 gm of oxygen or 1.008 gm 
of hydrogen. The normality of a solution 1s the number of gram-cquivalent 
weights of solute in one liter of solution. The equivalent weight of zinc ion, for 
example, is (65.38/2.016) x 1.008, since 65.38 gm of zinc metal will produce 
2.016 gm of hydrogen gas in a reaction with any acid. A one-normal zine 1on 
solution (1-N Zn**) therefore contains 32.5 gm of Zn** in one liter of solution. 
Normality is a convenient unit for certain calculations of quantitative analysis. 


Example 4.1 A solution is prepared by dissolving 2.50 gm of NaCl in 550 gm Ho20. 
The density of the resulting solution is 0.997 gm/ml. What is the molality, molarity, 
and mole fraction of NaCl? 


2.50 gm 


moles NaC] = ————>—_ 
58.44 gm/mole 


= (0.0428 moles, 


moles NaCl 
gm solvent 


X 1000 


molality = 0.0778 m. 


The volume of the solution is 


000 gm 


ee om = 0.552 |. 
0.997 gm/ml 
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Thus the molarity of NaCl is 


0.0428 moles 
0.5521 


= 0.0776 M. 


The number of moles of water is 


geo! Sans. 
18.0 gm/mole 


so the mole fraction of NaCl is 


PoaG) = fae = = 1.4 X 1073, 
30.55 + 0.0428 


4.4 THE IDEAL SOLUTION 


Let us consider a solution made up of a volatile solvent and a nonvolatile solute. 
It is found experimentally that the vapor pressure of the solvent depends on 
the concentration of the solvent in the solution, often in a very complicated 
manner. However, there are some solutions, those that can be formed from their 
components with no evolution or absorption of heat, for which the relation 
between vapor pressure and concentration is very simple. Tor these solutions 
the vapor pressure of the solvent is proportional to its mole fraction, and the 
proportionality constant is simply the vapor pressure of pure solvent. That is, 


_—_ = Ee oe os | ee a 
IES eee _, DE aalnent a ies aa Pye) a i) (— am =) (4.1) 


In this equation, P, is the actual vapor pressure of the solvent (component 1), 
P° is the vapor pressure of component | when it is pure, z; is the mole fraction 
of component | (the solvent) in the solution, and n;, mg are the number of 
moles of components 1 and 2, respectively, in the solution. Any solution 
whose vapor pressure depends on concentration according to Eq. (4.1) is called 
an ideal solution. The relation P,; = 2,P9 is called Raoult’s law, and thus a 
definition of an ideal solution is that it is one that obeys Raoult’s law. 

Let us examine the mathematical consequences of Eq. (4.1). First we will 
define the vapor-pressure lowering of the solvent as AP, where 


AP = P® — P,. 


Substitution of Eq. (4.1) for P; gives AP = P? — 2,P? = (1 —21)P}. If 
the solution has only two components, 1 and 2, we have 


t, +22 = 1, 


sO 
yp aol ai oe 
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and therefore 
AP = xP). (4.2) 


This simple result will be very useful when we examme the effect of the solute 
on the boiling point and freezing point of the solution. In itself, however, it 
suggests a method for the determimation of molecular weights of dissolved 
substances. We can write 


Jao {| ee N ae W./MW. | 
oe (~ = -) ae. Gar + W./MW, oe) 


If a solution is made up by adding a certain known weight W > of a substance 2, 
whose molecular weight A7W > is unknown, to a known weight W, of a solvent 
whose molecular weight 14W, and vapor pressure P? are known, then measure- 
ment of AP, the vapor-pressure lowering, permits calculation of AJWo, the 
molecular weight of the unknown. 


Example 4.2 The vapor pressure of water at 20°C is 17.54 mm. When 114 gm of 
sucrose are dissolved in 1000 gm of water, the vapor pressure is lowered by 0.11 mm. 





0  n2 
AP =P : 
‘m+ ne 
114/\1 WV 
loo) 7 W4/)\T1V + C1NNN/IR DN) I’ 
Y fe Lic IW (1000/ ah 


MW = 325. 


The formula of sucrose is actually Cy2H22011, which corresponds to a molecular 
weight of 342. 
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It is informative to compare the vapor pressures of the ideal solution of a non- 
volatile solute and the pure solvent itself as a function of temperature. Figure 
4.10 shows that at each temperature the vapor pressure of the solution is lower 
than that of the pure solvent, and as predicted by Iq. (4.2), the difference 
increases as temperature and vapor pressure increase. The intersection of the 
solution vapor-pressure curve with the lime corresponding to 760 mm defines the 
normal boiling point of the solution. It is clear from Fig. 4.10 that the boiling 
point of the solution is higher than that of the pure solvent. 

The intersection of the vapor-pressure curve of the solution with the vapor- 
pressure curve of the pure solid solvent is the freezing point of the solution, and 
should be the temperature at which the first crystals of the solvent appear 
when a solution is cooled. As the crystallization continues, the composition of 
the solution changes because solvent molecules are being removed from the 
solution. Therefore, the temperature at which crystals first appear is defined 
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as the freezing pomt of a solution of a given concentration. l'rom Fig. 4.10 it 
is clear that the freezing point of the solution ts lower than that of the solvent, 
and that the freezing point of the solution decreases as the concentration of 
solute increases. 
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Diagram showing the lowering of the vapor pressure, increase of the boiling temperature, 
and depression of the freezing point that occur when a nonvolatile solute is dissolved in 
a volatile solvent. 
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By referring to Fig. 4.11, we can derive the quantitative relationship be- 


tween the elevation of the boiling pomt AT, and the concentration of the solute. 
lor small values of AT and AP, the segment AB of the vapor-pressure curve 
ean be considered to be straight line. Then, by the properties of similar triangles, 
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AT is proportional to AP. For ideal solutions, AP is, by Eq. (4.2), proportional 
tO X2, the mole fraction of the solute. If Kj is the proportionality constant 
which relates zz to AJ’, we have 


AT = Kix. = Ki} (2). (4.4) 


We can simplify this equation if we restrict our treatment to very dilute solu- 
tions. For a dilute solution, ne «< n;; therefore in Eq. (4.4) we can make the 
approximation that 
ho Cy ae 
Ny +Nng ny’ 


that is, we can neglect mr» in the denominator if it is much smaller than n,;. We 
can write further that 


1) — w,1/MW, 


where w, and Ws, refer to the weights of components 1 and 2 which are present 
in solution, and AJW, and A/W, refer to their molecular weights. Therefore, 


Eq. (4.4) becomes 


Experiments show that for ideal solutions the value of the constant KX; 
depends only on the identity of the solvent, and not at all on the solute. The 
quantity A7W), is also a property of the solvent only, and thus it is reasonable 
to combine A/Wy, with K; to obtain a new constant. We define the constant 
Ky, by the equation 


1000 A, = A, W,. 


Then substitution into Eq. (4.5) gives us 
TW 
AT = K, (e/a 1000. 
I 


The factor in parentheses is the number of moles of component 2 per gram of 
component 1. If this quantity 1s multiplied by 1000, 1t becomes equal to the 
number of moles of solute per 1000 gm of solvent, or the molality, m. Thus 
we obtain the final furm, 


SE — Ge) (4.6) 
for the dependence of the boiling point on concentration. 


The constant Ky, is called the molal boiling-point elevation constant; It 1s 
equal to the increase in the temperature of the boiling point of a 1-m solution. 
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Table 4.2 Molal boiling-point and freezing-point constants 


Boiling Freezing 


Solvent sore Ky Point Ky 
Acetic acid eval 2.93 17 3.9 
Benzene 80.2 Zao syst 52 
Chloroform Gis2 3.63 _ — 
Naphthalene — = 80 6.8 


Water 100.0 O51 0 1.86 


As we mentioned, Ky is a quantity characteristic only of the solvent, and values 
of A, for different liquids are given in Table 4.2. These constants are obtained 
by measuring the boiling points of solutions of known concentration. 


Example 4.3 Exaetly 1.00 gm of urea dissolved in 75.0 gm of water gives a solution 
that boils at 100.114°. The moleeular weight of urea is 60.1. What is Kp» for water? 
For the molality of the solution we obtain 


1.00 1000 

AGN @euon 0222) 
Sinee AT = 0.114°C, we find that 

a Ae OA1A 

ue 0.202 een 


The phenomenon of boiling-point elevation provides a simple method for 
determining the molecular weights of soluble materials. A weighed amount of 
material of unknown molecular weight is dissolved in a weighed amount of a 
solvent whose boiling-point elevation constant is known. The measured in- 
crease in the boiling point permits calculation of the molality of the solution, 
and from this the molecular weight of the solute can be obtained. 


Example 4.4 A solution prepared by dissolving 12.00 gm of glueose in 100 gm of 
water is found to boil at 100.34°C. What is the moleeular weight of glueose? 

The boiling-point elevation eonstant for water is 0.51. Therefore the molality of 
the solution is 


i) Le! 55°! 0.67 mole 


The solution as prepared would eontain 120 gm of glucose in 1000 gm of water, whieh, 
as we have just learned, corresponds to 0.67 mole. Therefore 


120 
e] = ——_- = t - 
moleeular weight 0.67 79 


This answer agrees very well with the exact value of 180, whieh ean be derived from the 
formula of glueose, CgH120¢. 
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Relation between vapor-pressure lower- 
ing and freezing-point depression for a 
solution of a nonvolatile solute in a 
volatile solvent. Vapor pressures of the 
pure solvent and of solutions of two con- 
centrations are shown. 


Pressure 





Ter 7, 
Temperature 


Reference to Fig. 4.12 shows that the change in the freezing temperature of 
the solution is related to the ehange in vapor pressure produeed by addition 
of the solute. If the figure ABC is taken to be a triangle, then the depression of 
the freezing point AT is directly proportional to AP, the lowering of the vapor 
pressure. Use of Eq. (4.2) then gives us 


oe ee Kjxo, ele 


Where x2 is the mole fraetion of the solute and K; is a proportionality constant. 
Onee again we limit ourselves to dilute solutions, and hence we ean make the 
approximation that 


ee ee ee 
ee nN) + No oo ny - w,/MW, >) 


If we define the freezing point depression constant K; by 
1000 Ay = K;MW,, (4.9) 


then Eqs. (4.7), (4.8), and (4.9) yield 


Ni ce (fe tie) 1000 


] 


When m is the molality of the solution. [Experiments show that Ky is eharac- 
teristie of the solvent only, and does not depend on the nature of the solute. 
The values of K; for several liquids are given in Table 4.2. 

I'reezing-point depression measurements ean be used to determine the molec- 
ular weights of dissolved substanees, by a proeedure quite analogous to that 
employed in the boiling-point elevation experiments. A weighed amount of 
a solute of unknown moleeular weight is dissolved in a weighed amount of a 
liquid whose freezing-point depression eonstant is known. The freezing point 
of the solution is measured, the freezing-point depression and the molality of 
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the solution are calculated, and the molecular weight of the solute is found 
from the weights of solute and solvent, and the molality. 


Example 4.5 The freezing temperature of pure benzene is 5.40°C. When 1.15 gm of 
naphthalene are dissolved in 100 gm of benzene, the resulting solution has a freezing 
point of 4.95°C. The molal freezing-point depression constant for benzene is 5.12. 
What is the molecular weight of naphthalene? 

The molality of the solution ts 


AT 5.40 — 4.95 
Ky 5.12 = oie 





m= 


The weight of naphthalene in 1000 gm of solvent is 11.5 gm. Consequently the 
molecular weight of naphthalene is 


— = 130 = molecular weight of naphthalene. 


The moleeular formula of naphthalene is CyoHs, whieh corresponds very well to 
the result obtained by experimental determination of molecular weight. 


In our treatment of both freezing-pomt depression and boiling-point eleva- 
tion we have used Eq. (4.2), which refers to a system with only one type of 
solute species. How should we treat solutions in which two or more distinct 
solute species are present? Such solutions occur when a salt such as NaCl or 
BaCls ts dissolved in water. A 1-m solution of sodium chloride contains one mole 
of sodium ions and one mole of chloride tons in 1000 gm of solvent. The total 
concentration of solute particles is 2 m, and such a solution shows a freezmg- 
point depression of 2AK,. Thus, in general, the molality to be used in Eqs. (4.6) 
and (4.10) ts the total molality of all solute species. 


Example 4.6 When 3.24 gm of mercuric nitrate, Hg(NO3)2, are dissolved in 1000 gm 
of water, the freezing point of the solution is found to be —0.0558°C. When 10.84 gm 
of mercuric chloride, HgClg, are dissolved in 1000 gm of water, the freezing point of 
the solution is —0.0744°C. The molal freezing-point depression constant for water 
is 1.86. Are either of these salts dissociated into ions in aqueous solutions? 

From the freezing-point data we find that the molality of the mereurie nitrate 
solution is 
AT _ 0.0558 


K; 186 Pes 








n= 


But the number of moles of Hg(NOg3)2 in 1000 gm of water was 


a 24 
tf = = 
moles Hg(NOs)2 354 0.01. 


This must mean that mercuric nitrate is dissociated into Hg tt and NOs in aqueous 
solution. 
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The freezing-point data show that the molality of the mercuric chloride solution is 


AT 0.0744 
= = 0.040. 
Ngee Ge ales 








it 


The number of moles of mereurte ehloride dissolved in 1000 gm of solvent is 


moles of HgCle = —-— = 0.040. 
20s 
Therefore, mercurie ehloride must be present in solution largely as undissociated 
HgCle molecules. 


Osmotic Pressure 


We have seen that the lowering of the solvent vapor pressure by a nonvolatile 
solute, and its consequences of boiling-point elevation and freezing-point depres- 
sion can be used to determine the molecular weights of dissolved substances. 
The phenomenon of osmotic pressure 1s also associated with vapor-pressure 
lowering, and can also be used to determine molecular weights of solute mole- 
cules. In addition, it ts profoundly important in the operation of living systems. 
The osmotic pressure phenomenon involves a semipermeable membrane, 
that 1s, some film which has pores large enough to allow the passage of small 
solvent molecules but small enough to prevent large solute molecules of high 
molecular weight from passing through. When a solution is separated from its 
pure solvent by a semipermeable membrane, as in the apparatus shown in 
Tig. 4.13, one observes that some of the pure solvent passes through the mem- 
brane into the solution. The flow stops and the system reaches equilibrium 
after the meniscus has risen to a height which depends on the concentration of 
the solution. Under these equilibrium conditions, the solution 1s under a 
greater hydrostatic pressure than the pure solvent. The height of the meniscus, 
multiphed by the density of the solution and the acceleration due to gravity, 
gives the extra pressure on the solution, and this is the osmotic pressure 7. 


Osmotic pressure 


Solution 


FIG. 4.13 A simple apparatus for exhibiting the 


osmotic pressure phenomenon. 
Membrane 


Pure solvent 
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From experimental measurements on dilute solutions of known coneentra- 
tion, it has been found that the relation between osmotie pressure and con- 
eentration is simply 

ee Civ). (4.11) 
where c is the eoneentration of solute, FR is the gas constant, and 7 is the tem- 
perature in degrees kelvin. If ¢ is expressed in moles/liter, and F# is taken as 
0.082 liter-atm/mole-deg, the osmotie pressure 7 is expressed in atmospheres. 
Equation (4.11) will be derived simply and rigorously by using the methods of 
thermodynamics in Chapter 8. For the present, we will only eall attention to 
the relation between osmotie pressure and solvent vapor-pressure lowering by 
the following argument. 

Consider a pure solvent and a corresponding solution of a nonvolatile solute 
placed in the two eompartments of the apparatus shown in Fig. 4.7. Beeause 
the vapor pressure of the solution is lower than that of the pure solvent, the 
pure solvent will tend to evaporate, flow to the solution ehamber, and condense 
in the solution. This ts entirely analogous to the flow of pure solvent through 
the semipermeable membrane into the solution chamber in the osmotie pressure 
experiment, and oecurs for exaetly the same reason. We ean anticipate that 
we eould stop the flow of pure solvent into the solution by doing something 
that raised the vapor pressure of the solution back to a value equal to the vapor 
pressure of the pure solvent. This ean be done and, in faet, is done in the 
osmotic-pressure experiment, by exerting an external hydrostatie pressure on 
the solution. 

Aeeording to Eq. (4.11), the osmotie pressure eorresponding to a solute 
eoneentration of 1 mole/liter would be 


liter-atm 


EE Pe x 273 deg X 1 mole/liter 


7 — 0 


== 22 4 min: 


It is possible to measure precisely pressures of less than 107° atm. Con- 
sequently, the osmotic pressure due to 1077 AJ solutions is readily detectable. 
This very great sensitivity of osmotie pressure is used to advantage in the 
determination of the moleeular weight of biologically important molecules. 
These substanees tend to be rather insoluble; however, it is often possible to 
measure the osmotie pressure of their very dilute solutions and, by knowing 
the weight of material dissolved, ealeulate their molecular weight. 


Example 4.7 An aqueous solution containing 5.0 gm of horse hemoglobim in | liter of 
water shows an osmotic pressure of 1.80 X 107% atm at 298°K. What is the molecular 
weight of horse hemoglobin? 

By Eq. (4.11) 
Toned) 10m 
RT 0.082 X 298 


(7s x 10° mole /liter. 
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Since 5.0 gm/liter corresponds to 0.74 X 1074 mole/liter, 


5.0 


074x198 OY: 


molecular weight = 


Solutions of Two Volatile Components 
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If two volatile liquids are mixed to form a solution, and there is no evolution 
or absorption of heat, the solution is ideal, and both components follow Raoult’s 
law over the entire range of concentrations. That is, 


. 0 0 
Py = Prag Po = Gol 5. 


The vapor pressure of the solution is simply the sum of the partial pressures of 
each component: 


Po = P} + Po =o) PF) Po. 


Figure 4.14 shows how the partial and total vapor pressures depend on con- 
centration, for au ideal solution of two volatile components. 

It is important to note that the composition of a vapor in mole-fraction 
units is not the same as the composition of the liquid solution with which it is 
in equilibrium. For example, consider a mixture of benzene (component 1) and 
toluene (component 2). Let us choose a liquid mixture in which the mole 
fraction of benzene (x;) is 0.33, and that of tolucne (x2) is 0.67. Then at 20°C 
we have / 


P? = 75mm and P3 = 22 mm, 
so that 
Oona — T, 
2 ee NY 
and 


Pr = P, + P2 = 40 mm. 


The composition of the vapor in mole-fraction units can be obtaimed by using 
Dalton’s law. In the vapor, we have 

Pied P, 18 = 
vy = oe — 40 050 and tg = = == —— ome 
The vapor is nearly twice as rich in benzene as the liquid is. This is a specific 
illustration of the gencral fact that when an ideal solution is in equilibrium 
with its vapor, the vapor is always richer than the liquid in the more volatile 
component of the solution. This fact can be made the basis for a procedure 
which will separate the components of the solution. Suppose that the vapor 
(63% benzene, 37% toluene) from the previous example was collected, con- 
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densed to a hquid, and then allowed to evaporate so as to come into equi- 
librium with its vapor. What 1s the composition of this new vapor? We have 
as before 


es 0 
fa (> mm and fee a 


But now the mole fractions of components 1 and 2 in the liquid are 0.63 and 
0.37, respectively. Therefore their vapor pressures are given by 

Jane 68) (7 er IN; 

i won 22) =o.) mim, 


Pr = 474+ 8.1 = 55mm. 


| 


From these data we can calculate the mole fractions in the vapor phase to be 








ete 47 
a = ‘Pe = 55 — lao 
and 
oc ee 
2 _ Pr = 55 an U.1o 


SO 
70 









Vapor pressure 
of solution 
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7h Napor pressure 
of benzene 
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Q 
/ 
20-7 xt Vapor pressure 
a ~~~ __of toluene 
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= 
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Vapor pressure as a function of composi- FIG. 4.14 
tion for an ideal solution of benzene and 
toluene. 

A laboratory distillation apparatus which employs a twisted metal FIG. 4.15 





gauze to increase liquid-vapor contact in the column. 
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Thus the second evaporation has produced a vapor still richer in benzene, the 
more volatile component. It is clear that if we were to collect the vapor once 
again, condense it, and then allow a small amount of 1t to evaporate, we would 
obtain a vapor even richer in benzene. Repetition of the evaporation-condensa- 
tion process therefore tends to produce a vapor that is very nearly pure benzene, 
and a liquid that is very nearly pure toluene. This is the process that goes on 
in the distillation apparatus shown in Tig. 4.15. As the material rises through 
the column it undergoes many evaporation-condensation cycles, and thus the 
material that reaches the top of the column is richest in the most volatile 
component. 


4.5 NONIDEAL SOLUTIONS 


FIG. 4.16 
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A nonideal solution is formed when the process of mixing its components is 
accompanied by the evolution or absorption of heat. Nonideal solutions do not 
obey Raoult’s law, and indeed, the dependence of their vapor pressures on 
concentration can be quite complicated. For the purpose of discussion, It 1s 
convenient to divide nonideal solutions into two groups: those whose formation 
is accompanied by the evolution of heat, and those that are formed with the 
absorption of heat. 


Cl CHe 
Hydrogen bond interaction between ee .» O=C 
chloroform and acetone. . y < 

Cl Gu 


The evolution of heat upon mixing indicates that in the solution the com- 
ponents have found a situation of lower energy than in their pure states. This 
behavior occurs when the molecular structure of the components is such that 
there are stronger attractive forces between unlike molecules than between 
molecules of the same kind. A specific example of such a pair of molecules 1s 
chloroform, CHCl3, and acetone, (CH3)2CO. When molecules of chloroform 
and acetone are brought together, the single hydrogen on the chloroform mole- 
cule is strongly attracted to the oxygen atom in the acetone molecule, as shown 
in Fig. 4.16. This type of interaction is known as hydrogen bonding, and will 
be discussed more completely in Chapter 12. Hydrogen bonding does not occur 
in pure chloroform or pure acetone, because there are no oxygen atoms in 
chloroform and the hydrogen atoms in acetone do not have the proper electrical 
characteristics needed to form strong hydrogen bonds. 

Since the heat evolution indicates that the molecules in solution are in a 
situation of low energy, it is not surprising that the vapor pressure of each 
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component is lowcr than would be predicted by Raoult’s law. Figure 4.17 
shows the vapor pressures as a function of concentration for chloroform-acctone 
mixtures. Such a solution is said to display negative deviations from Raoult’s 
law, since at each conccntration, the vapor pressure of each component is less 
than that predicted by Raoult’s law. Note, however, that at each end of the 
concentration scale, the component which is in excess deviates from Raoult’s 
law only very slightly. Since the component in excess is always taken to be the 
solvent, we can assert that to an acccptable approximation, the solvent m a 
dilute solution obeys Raoult’s law. 


400 
; 

Vapor pressure 

a of solution 


we. © --- 









Vapor pressure as a function of composi- 
~ tion for acetone-chloroform solutions. 

Behavior expected if the solutions were 
ideal is shown by dashed lines. 
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Absorption of heat during mixing indicates that the component molecules in 
solution have higher energy than they do in their pure states. In other words, 
the attractive forces between unlike molecules are weaker than those between 
molecules of the same kind. Since the molecules in such a solution are in a 
condition of high energy, it 1s not surprising they should have an increased 
tendency to escape from solution, and that the vapor pressure of cach of the 
components is greater than that predicted by Raoult’s law. Solutions which 
show these positive deviations from Raoult’s law are often the result of mixing 
a liquid consisting of polar molecules with nonpolar molecules. In the solution, 
the strong attraction betwecn two polar molecules is replaced by the weaker 
attraction between polar and nonpolar molecules, and this is an cnergetically 
unfavorable situation. The acetone-carbon disulfide system provides an ex- 
ample of this type of behavior. Carbon disulfide is a lmear molecule that is not 
polar, since its atoms are arranged symmetrically (S=C=S). Acetone has a 
dipole moment, and when it is mixed with carbon disulfide the vapor pressures 
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FIG. 4.18 
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Vapor pressure as a function of com- 
position for acetone-carbon disulfide 
solutions. Behavior expected if the 
solutions were ideal is shown by 
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of both components exceed the predictions of Raoult’s law, as 1s shown in 
Fig. 4.18. 

In our discussions of ideal solutions, we stated that the vapor in equilibrium 
with such solutions is always enriched in the more volatile of the two com- 
ponents, i.e., the one with the lower boilmg poimnt. This stmple rule does not 
always apply to nonideal solutions, however. In fact, consideration of Fig. 4.18 
shows that at mole fractions of 0.65 or greater for carbon disulfide, the vapor 
phase is actually less concentrated m carbon disulfide than the liquid phase, 
even though pure carbon disulfide 1s more volatile than pure acetone. At mole 
fractions of carbon disulfide of less than 0.65 the solution behaves normally. 
Right at the 0.65 CS» concentration, the composition of the vapor is exactly 
the same as that of the liquid, and consequently no amount of distillation can 
purify such a mixture. Solutions which distill with no change 1n composition 
are called azeotropes. There are many azeotropic mixtures, and one of the most 
extensively studied is the solution of hydrochloric acid in water. If any solution 
of hydrochloric aeid is boiled long enough at atmospheric pressure 1ts composi- 
tion will change until it becomes 20.22% hydrochloric acid by weight. This 
technique can be used to prepare solutions of known acid concentration for use 
in quantitative analysis. However, it is important to note that the composition 
of the azeotrope depends on the atmospheric pressure, and the value of 20.22% 
applies only to a solution boilmg at 760 mm. 
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While there are many pairs of substances which, like water and ethyl alcohol, 
can be mixed in any proportions to form homogeneous solutions, it is a matter 
of common experience that the capacity of a solvent to dissolve a given solute 
is Often limited. When a solvent placed in contact with an excess of solute 
attains and maintains a constant concentration of solute, the solute and solution 
are at equilibrium, and the solution is said to be saturated. The solubility of a 
substance in a particular solvent at a given temperature is the concentration 
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of the solute in the saturated solution. In other words, the solubility of a solute 
is the dissolved concentration characteristic of the state of equilibrium between 
the solute and the solution. It is difficult to overemphasize the importance of 
the concept of solubility to chemistry; it is the basis of innumerable laboratory 
and industrial processes that prepare, separate, and purify chemicals, and is 
the controlling factor in a variety of geological and other natural phenomena. 
The solubility of a substance in a particular solvent is controlled principally 
by the nature of the solvent and solute themselves, but also by the conditions 
of temperature and pressure. Let us analyze these factors, first limiting our- 
selves to the case of ideal solutions. 

Two liquids that form an ideal solution are always miscible in any propor- 
tions and thus have infinite solubility in each other. The reason for this is easy 
to see if we recall two facts. First, limited solubility and a saturated solution 
result only when a solute and its solution reach equilibrium. Second, the equi- 
librium state is a compromise between a natural tendency toward minimum 
energy and maximum molecular chaos. Now the mixing of two ideal liquids is 
always accompanied by an increase in entropy or molecular chaos, because in 
the solution, the solute molecules are spread randomly throughout the solvent, 
rather than being nearly closest packed as they are in the pure solute. That is, 
even if we could locate one solute molecule in solution, we could not predict 
what the identity of its nearest neighbors was, as we could if the molecule were 
in the pure solute phase. Consequently the solution has a higher entropy than 
the pure solvent and solute, and the tendency toward maximum molecular 
chaos favors the mixing of the two liquids. Moreover, the fact that there is no 
energy change in the mixing process means that the tendency toward minimum 
energy does not restrict the solution process. Consequently, the two liquid 
components of an ideal solution can mix in any proportion. 

Consider now a solid substance dissolving in a liquid solvent. The solid is 
such that when melted, it is converted to a liquid that in turn can form an 
ideal solution with the solvent. The dissolution of the solid can be pictured as 
occurring in two hypothetical stages: 


solid solute — liquid solute — solute in solution. 


We have just specified that the second of these steps does not involve any 
energy change, for the solution formed is ideal. In contrast, the first step does 
involve the absorption of energy in the amount AH, per mole of solute. Con- 
sequently, while the tendency toward maximum entropy favors the dissolution 
of the solid, the tendency toward minimum energy favors the solid remaining 
undissolved. Therefore the solubility of the solid is limited, and a saturated 
solution which represents the best compromise between maximizing entropy 
and minimizing energy is formed. Since AH/;,, is related to the strength of the 
attractive forces between solute molecules, we can deduce that the magnitudes 
of these same forces determine the solubility of the solid in ideal solutions. 
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Temperature 
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By using some care, we can extend our arguments to nonideal solutions. 
Two liquids which mix with the evolution of heat will be infinitely soluble in 
each other, for both energy and entropy effects favor their mixing. Two liquids 
which mix with the absorption of heat may have limited solubility in each 
other, for if the mixing process is energetically unfavorable, the tendency to- 
ward maximum molecular chaos may or may not be sufficient to allow the 
liquids to mix in all proportions. Likewise, the solubility of a solid is likely to 
be small if it enters the solution only with considerable absorption of heat. 
On the other hand, if the dissolution of the solid is accompanied by evolution 
of heat, the solubility of the solid may be quite high. Even with these generaliza- 
tions it 1s difficult to predict or even rationalize qualitatively the solubilities of 
substances that form markedly nonideal solutions, for the energy and entropy 
changes that accompany the mixing of strongly interacting molecules are subtle 
and difficult to anticipate. 


Effects 


If the enthalpy change that accompanies the dissolution of a solute is known, 
it 1s possible to predict the effect of a change in temperature on the solubility. 
To do this, we necd only recall one of the general principles of equilibrium 
discussed in Section 4.2. There we noted that if a system initially at equilibrium 
is perturbed by some change in its surroundings, it reacts in a manner which 
restores 1t to an equilibrium state. A very useful restatement and extension 
of this observation is known as Le Chatelier’s principle: Jf anything is done to 
a system initially in equilibrium that would result in a change of any of the factors 
that determine the state of equilibrium, the system will adjust itself in such a way 
as to minimize that change. To see how to use LeChatelier’s principle, let us 
apply it to liquid-vapor equilibrium. 

Let us consider a liquid and its vapor at equilibrium at some particular tem- 
perature. If heat were delivered to this system, and no other change allowed 
to occur, the temperature would rise. This would cause a departure from 
equilibrium, since the existing vapor pressure is not the equilibrium vapor 
pressure at the higher temperature. The induced temperature change could 
be minimized, however, if the system reacted, that is, if liquid and vapor were 
interconverted in a way that absorbs heat. Le Chatelier’s principle tells us that 
this 1s the way the system will react, and we also know that the system absorbs 
heat if the liquid evaporates. Therefore, the prediction based on Le Chatelier’s 
principle and a positive value for AHyap is that as heat is added, the liquid will 
evaporate, and consequently the vapor pressure will increase. After the addition 
of heat the new position or state of equilibrium corresponds to increased vapor 
pressure and temperature. This prediction is consistent with the observed fact 
that the vapor pressure of a liquid increases as the temperature increases. 

The form of the argument we have just used is in no way limited to liquid- 
vapor equilibrium. We might generalize and say that for any reaction which 
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has a positive AH, an increase in temperature will result in an increase in 
product concentration at the expense of reactant concentration. The converse 
must also be true, for 1t corresponds to reversing the direction in which a re- 
action is written: if AH is negative, increasing the temperature decreases the 
concentration of products in favor of the reactants. We can use this general 
conclusion to predict the temperature dependence of solubility. If the enthalpy 
change that accompanies the solution reaction AH,,) is positive, that is, if heat 
is absorbed when the reaction 


solvent -++ solute — solution 


takes place, the solubility of the solute increases as temperature increases. If, 
on the other hand, AH,,) 1s negative, then the solubility of the solute decreases 
as temperature increases. Figure 4.19 illustrates the temperature dependence 
of the solubility of KNOs3, NaCl, and NaeSO,. The prediction based on Le 
Chatelier’s principle is substantiated by these data, for AH,,) is +8.5, -+1.3, 
and —5.5 keal/mole, respectively, for KNO3, NaCl, and Na2gSQq4. 
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Two-Component Phase Diagrams 


In Section 4.2 we discussed phase diagrams for systems of one chemical com- 
ponent. With such diagrams, we could describe the conditions of temperature 
and pressure under which we could expect to have one phase, or two or three 
phases present in equilibrium. Such phase diagrams are also very useful in 
analyzing the behavior of systems which have two or more chemical components. 
When we have two components, there are three state functions that must be 
specified in order to describe the system: temperature, pressure, and the con- 
centration (mole fraction) of one of the components. Since there are three 
variables, the phase diagram should be threc-dimensional. It is common prac- 
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FIG. 4.20 
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tice, however, to consider the total pressure as fixed; thus we can have a two- 
dimensional phase diagram with concentration and temperature as variables. 

igure 4.20 shows the phase diagram of the bismuth-cadmium system at a 
fixed pressure. The point A is the freezing point of pure bismuth, 273°C, while 
point B is the freezing temperature of pure cadmium, 323°C. At temperatures 
above 323°C we have, regardless of composition, only one phase present: a 
liquid solution of bismuth and cadmium. At temperatures below 140°C, two 
pure solid phases are present: crystalline bismuth and crystalline cadmium. 
At intermediate temperatures, one, two, or three phases may be present, 
depending on the temperature and composition. 

Phase diagrams are constructed from experiments in which mixtures are 
liquefied and allowed to cool, and the temperature as a function of time deter- 
mined. Examples of such cooling curves are shown in I‘ig. 4.20(b), and their 
relation to the phase diagram (Hig. 4.20(a)) is indicated. If pure bismuth is 
melted and allowed to cool, the temperature at first falls, and then when the 
freezing point of bismuth is reached, the temperature remains constant until 
all the bismuth solidifies, and then it starts to fall again. This abrupt leveling 
off of the cooling curve is characteristic of the freezing of a pure substance. 
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(a) Phase diagram and (b) cooling curves for the cadmium-bismuth system. 


If a liquid having a mole fraction XYcq of cadmium of 0.2 were allowed to 
cool, nothing would happen until the temperature reached 240°C, the inter- 
section of Ycq = 0.2 and the curve AL of Fig. 4.20(a). At this point, pure solid 
bismuth would just begin to erystallize from the liquid, and solid bismuth 
would be in equilibrium with a solution containing 0.2 mole fraction Cd. The 
cooling curve shows a change in slope at this temperature, as the latent heat 
of crystallization of bismuth is released, and reduces the rate of temperature 
decrease. In contrast to the behavior of a pure substance, the solution does not 
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freeze completely at one tempcrature. As bismuth crystallizes, the liquid 
becomes richer in cadmium, and thercfore has a lower freezing temperature. 
Consequently, in order to continue to crystallize bismuth, the tempcrature 
must continue to be lowered. At 140°C, the cooling curve docs level off, and 
at this one temperature, the solution that remains solidifies abruptly. The 
temperature at which this occurs is the eutectic temperature, and the abrupt 
leveling off of the cooling curve is called the eutectic halt. 

If liquids of other compositions which are near to 0.2 mole fraction cadmium 
are cooled, the first crystallization of bismuth occurs at a temperature given by 
the intersection of the composition with the curve AH. In fact, the curve AL 
represents all conditions of tempcrature and concentration at which pure solid 
bismuth and a lnquid solution can exist in equilibrium. We can indeed say 
that the curve AX describes the freezing point depression of bismuth by cad- 
mium over a range of compositions indicated. lor small mole fractions of Cd, 
the curve AF and hence the freezing point depression AP; varies linearly with 
Aca, as has been discussed earlier. Jor larger mole fractions of Cd, this is not 
the case. 

We can now analyze what happens when a solution with 0.8 mole fraction 
Cd is cooled. At the temperature corresponding to the intersection of X¥cq = 0.8 
and the curve BH, the first solid appears, and is found to be pure crystalline 
cadmium. ‘The cooling curve shows a change of slope characteristic of the 
gradual crystallization of a solid from a solution. At 140°C there is a eutectic 
halt, and complete solidification. 

The curve BE represents all pairs of temperatures and concentrations at 
which pure solid cadmium is in equilibrium with a cadmium-bismuth solution. 
It is, therefore, the curve of the freezing-point depression of cadmium by 
bismuth. As a solution from which cadmium is crystallizing is cooled, the 
solution becomes increasingly rich in bismuth. The concentration of the solu- 
tion left behind at any temperature can be found from the curve BL. As the 
temperature is further lowered, the point that describes the system moves 
along the curve BE toward the point L. 

The curve BE represents temperatures and concentrations at which pure 
solid cadmium is in equilibrium with a Bi-Cd solution, and the curve AF gives 
the temperatures and concentrations at which pure solid bismuth is in equi- 
librium with the solution. Their intersection at point / must therefore be a 
situation at which cadmium and bismuth as pure solids are in equilibrium with 
a liquid solution. Note that this occurs only at one temperature and for one 
liquid phase composition. This point is called the eutectic point. Any further 
cooling of this eutectic mixture below the eutectic temperature produces abrupt 
erystallization of the liquid to mixed crystals of cadmium and bismuth. It 1s 
this crystallization of both solids that produces the eutectic halt in the cooling 
curves. If a solution of the eutectic composition is cooled, no crystallization 
occurs until the eutectic temperature is reached, at which point both solids 
crystallize abruptly. 
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Question. The curves AE and BE are said to describe the freezing point depression of 
bismuth and cadmium, respectively. Could they just as well be said to represent the 
solubility of bismuth and cadmium in the liquid? 


There is another important set of conclusions which we can draw from the 
cadmium-bismuth phase diagram. In the region of the diagram where there is 
only one phase, the liquid solution, we can vary both the temperature and the 
composition independently of each other without producing or destroying any 
phases. It is said, therefore, that in this one phase region, there are two degrees 
of freedom. Along the lines AF and Bk, where two phases are present in equi- 
librium, there is only one degree of freedom. If the temperature 1s changed, 
the liquid composition must change 1n the way prescribed by the curves if the 
two phases are to be retained. Thus temperature, but not composition, or 
composition, but not temperature, may be varied independently. Finally, at 
the eutectic point where three phases are present, there are no degrees of freedom, 
since a change m liquid composition or temperature will cause at least one 
phase to disappear. 

It is clear, then, that the number of independent variables available to us 1s 
rclated to the number of phases present. It is also found to depend on the num- 
ber of chemical components in the system. The relation between the number 
of components C, the number of phases P?, and the number of degrees of freedom 
Fis given by the Gibbs phase rule 


F=C—P+2 (pressure variable), 


F=C —- 8) (pressure fixed). 


Note that in the one-phase region of a two-component system with the pressure 
fixed, # = 2. In the two-phase region / = 1, and at the three-phase eutectic 
poiit / = 0. The phase rule is of considerable use m the analysis of comph- 
cated phase diagrams involving multicomponent alloys. 

The existence of chemical compounds can be inferred from phase diagrams. 
Figure 4.21 shows that i the zmec-magnesium system, there are two eutectic 
points, and an intermediate maximum freezing pomt at 0.33 mole fraction 
magnesium. A coohng curve at this composition shows one pomt at which the 
cooling stops and the temperature remains constant while the liquid solidifies 
completely to produce only one sohd phase. These are the cooling charac- 
teristics of a pure compound, which in this case has the formula MgZni. 

Once the existence of the compound MgZng is recognized, the appearance 
of the rest of the phase diagram 1s readily understood. The diagram 1s in effect 
two simple phase diagrams back to back: one corresponds to the Zn-MgZng 
system, the other to the MgZne-Mg system. The phase rule can be apphed to 
each of these two-component systems Just as we have done for the cadmium- 
bismuth system. Note, however, that at the exact composition which cor- 
responds to MgZiig, there is only one component present, and consequently at 
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The phase diagram for the magnesium-zinc system, showing the formation of the com- 
pound MeZn>. 


the freezing point of \{gZn>. there are two phases. and the number of degrees 
of freedom is 


en ee re 0. 


This is as expected for the freezing of a pure substance at a fixed pressure. 


4.7 


In this chapter we have explored some of the phenomena and concepts asso- 
ciated with liquids and their solutions. All of these ideas find repeated use in 
the study of chemistry. We shall see that an appreciation of the kinetic theory 
of liquids will help us understand some of the factors that determine the rates 
of chemical reactions which take place in solution. The colligative properties 
of solutions—the vapor-pressure lowering, boiling-point elevation, and freezing- 
point depression—offer ways of determining the molecular weights of dissolved 
substances. These methods are used actively in chemical research, both in 
organic chemistry and in the study of polymeric molecules of high molecular 
weight. Of most general importance, however, are the ideas associated with 
= equilibria. In subsequent chapters we shall be continually concerned 

chemical equilibria, sometimes in systems of considerable complexity. 
mdlege of the chemical complexity, the general nature of the equilibrium 
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state and the general factors that determine the concentrations that exist at 
equilibrium are always the same. Consequently, the ideas generated in our 
discussion of phase equilibria will be of use to us in analyzing all situations 
of equilibrium. 
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4.1 What are the molality and the molarity of a solution of ethanol, CeHs50OH, in 
water if the mole fraction of ethanol is 0.05? Assume that the density of the solution 
is 0.997 gm/ml. 

4.2 Concentrated nitric acid is 69% by weight HNOg and has a density of 1.41 gm/ml 
at 20°C. What volume and what weight of concentrated nitric acid are needed to 
prepare 100 ml of 6-.1f acid? 

4.3 Calculate how many milliliters of 0.10-./ KMnQOq are required to react com- 
pletely with 0.01 mole of oxalate ion, C204, according to the reaction 


2MnO;, + 5C2O4 + 16Ht = 2Mntt+ 10C02e+ 8H20. 


4.4 Exactly 100 gm of a certain solution contain 10 gm of NaCl. The density of the 
solution is 1.071 gm/ml. What is the molality and the molarity of NaCl? 

4.5 The boiling point of a solution of 0.402 gm of naphthalene, CioHs, in 26.6 gm of 
chloroform is 0.455°C higher than that of pure chloroform. What is the molal boiling- 
point elevation constant for chloroform? 

4.6 The vapor pressure of a dilute aqueous solution is 23.45 mm at 25°C, whereas the 
vapor pressure of pure water at this temperature is 23.76mm. Calculate the molal 
concentration of solute, and use the tabulated value of Ay for water to predict the 
boiling point of the solution. 

4.7 What weight of ethylene glycol, C2HgO2, must be included in each 1000 gm of 
aqueous solvent to lower the freezing point to —10°C? 
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4.8 When 1.00 gm of sulfur is dissolved in 20.0 gm of naphthalene, the resulting 
solution freezes at a temperature 1.28C° lower than pure naphthalene does. What is 
the molecular weight of sulfur? 


4.9 The freezing-point depression constant for mereurie chloride, HgClo, is 34.3. For 
a solution of 0.849 gm of mercurous chloride (empirical formula HgeCl) in 50 gm of 
HgCle, the freezing-point depression is 1.24°C. What is the molecular weight of 
mercurous chloride in this solution? What is its molecular formula? 

4.10 Ten hters of dry air were bubbled slowly through hquid water at 20°C, and the 
observed weight loss of the hquid was 0.172 gm. By assuming that 10 liters of saturated 
water vapor were formed in the experiment, calculate the vapor pressure of water 
Gee C. 

4.11 Ethanol and methanol form a solution that is very nearly ideal. The vapor 
pressure of ethanol 1s 44.5 mm, and that of methanol is 88.7 at 20°C. (a) Calculate 
the mole fractions of methanol and ethanol in a solution obtamed by mixing 60 em 
of ethanol with 40 gm of methanol. (b) Calculate the partial pressures and the total 
vapor pressure of this solution, and the mole fraction of ethanol in the vapor. 


4.12 At 20°C, the vapor pressure of pure benzene is 22 mm, and that of pure toluene 
is 75mm. What is the composition of the solution of these two components that has a 
vapor pressure of 50 mm at this temperature? What is the composition of the vapor 
in equilibrium with this solution? 

4.13 The solubility of borax (Na2B407-10H2O) in water increases as the tempera- 
ture increases. Is heat evolved or absorbed as this salt dissolves? Is the A// of the 
dissolution process positive or negative? 

4.14 At 55°C, ethanol has a vapor pressure of 168 mm, and the vapor pressure of 
methyl cyclohexane is 280 mm. A solution of the two, in which the mole fraction of 
ethanol is 0.68, has a total vapor pressure of 376 mm. Is this solution formed from 
its components with the evolution or absorption of heat? 
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CHAPTER 5 


CHEMICAL EQUILIBRIUM 


In this chapter we shall explore the consequences of the fact that chemical 
reactions are reversible, and that in closed chemical systems there eventually 
occurs a state of equilibrium between reactants and products. In so domg, we 
will be starting to develop coneepts which will lead us eventually to a quantt- 
tative expression of “chemical reactivity.” The concentrations which exist 
when a chemical system reaches equilibrrum reflect the intrinsic tendency of 
the atoms to exist cither as reactant or product molecules. Thus by learning to 
describe the equilibrium state quantitatively, we will be able to replace qualita- 
tive statements about “the tendency of a reaction to go” with definite numerical 
expressions of the extent of conversion of reactants to products. 
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In Chapter 4 we found that the existence of a characteristic equilibrium vapor 
pressure for a condensed phase is a consequence of the fact that the evaporation 
process 1s reversible. A liquid or solid that has been completely vaporized can, 
by an appropriate change in conditions, be completely recondensed. Both 
evaporation and condensation can occur, and for each substance there is a set 
of conditions—particular values of temperature and vapor pressure—at which 
evaporation and condensation oceur at equal rates. Under these conditions 
both phases remain indefinitelv, and we sav that the svstem is at equilibrium. 





Chemical reactions, ke phase changes, are reversible. As a eonsequence, 
there are eonditions of eoneentration and temperature under whieh reaetants 
and produets exist together at equilibrium. To ilustrate our pomt, and to 
emphasize the elose conneetion between phase cquilibria and ehemical equi- 
libria, we consider the thermal decomposition of ealerum earbonate, 


CaCQ3(s) — CaO(s) + COo(g). (onl) 


By earrying out this reaetion m an open vessel whieh allows carbon dioxide to 
be swept away, eomplete eonversion of ealcitum carbonate to ealetum oxide ean 
be effected. On the other hand, it 1s well known that caletum oxide reaets with 
carbon dioxide, and if the pressure of COs is high enough, the oxide can be 
completely eonverted to the carbonate by 


CaO(s) + COo(g) — CaCOs(s). (2) 


This 1s, of course, Just the reverse of reaction (5.1). Thus we must look upon 
reactions (6.1) and (4.2) as reversible ehemieal proeesses, a faet which we denote 
by either of the following notations: 


CaCO3(s) = CaQ(s) + CO2(g), 
CaCO3(s) = CaO(s) + COod(g). 


This chemical system is closely analogous to the “physieal” system eonsisting 
of a eondensed phase and its vapor. Just as a liquid and its vapor come to 
equilibrium in a elosed eontaincr, there are certain values of the temperature 
and pressure of CO» at which CaCQO3, CaO, and CO g remain indefinitely. 
When pure CaCQ3 is heated in a elosed vessel, it begins to dceompose aceording 
to reaction (5.1). As the CO»2 aeeumulatcs, its pressure mcreases, and eventually 
reaction (5.2) begms to occur at a noticeable rate, a rate which increases as the 
pressure of CO, inercases. T*inally, the rates of the deeomposition reaction and 
its reverse beeome equal, the pressure of earbon dioxide remains eonstant, and 
the system has reached equilibrium. 

In the discussion of phase equilibrium in Chapter 4 we used lquid-vapor 
equilibrium to illustrate four eharacteristies of all equilibrium situations. Let 
us review caeli of these eharacteristics and sec how they are exemplified by 
chemical equilibria. 

The first feature of the cquilibrium state is that it is dynamic; It Is a per- 
manent situation maintained by the cquality of the rates of two opposmg 
chemical reactions. That is, when the system CaCQ3, CaQ, CO»g comes to 
equilibrium with respeet to the rcaetion 


CaCQO3(s) = CaQ(s) + CO2(g), 


we assert that CaCO 3 continues to be eonverted to CaO and CQOg, and that 
CO. and CaO continue to form CaCQO3. It is not difficult to prove this state- 
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ment by an experiment. Some pure CaCQ3 1s deeomposed in a elosed system, 
and allowed to eome to equilibrium with CaO and a certain pressure of COs. 
Then the reactor is conneeted to another flask which contains, at the same 
temperature and pressure, some CO, whieh has been “labeled” with radioaetive 
earbon, C'?. This operation in itself does not disturb the equilibrium between 
CO» and the sohds, since the pressure and temperature are always eonstant. 
After a while, some of the solid is withdrawn and exammed for radioaetivity. 
The eharaeteristic radiation of C'* is found in the CaCOs, which indicates that 
some C!4O5 reaeted with CaO to form CaC!4Os3, even though the system was 
always at equilibrium. While this oceurred, some CaCOx3 must have dissoetated 
to CaO and COs in order to maintain a constant pressure of CO g. Thus, even 
though no net change in composition oecurred, the opposing reactions went on, 
and the equilibrium eonditions were maintained by a dynamic balanee. This 
type of experiment ean be performed with many systems, and the results always 
indicate that dynamie balance of opposing reaction rates 1s a characteristic of 
systems at equilibrium. 

Our second generalization is that systems move toward an equilibrium state 
spontaneously; that a system can be removed from equilibrium only by some 
outside influenee, and onee it is left to itself, the disturbed system returns to an 
equilibrium state. We must be eareful to understand the meaning of the word 
“spontaneously.” In this eontext it means that the reaction proeeeds at some 
finite rate without the action of outside influenees such as changes in temperature 
or pressure. This assertion that systems proceed naturally toward equilibrium 
eannot be proved by a szngle simple example, for it is a generalization based on 
the observation of many different systems under many different conditions. 
We ean, however, rationalize this behavior with a simple argument. A system 
moves toward the equilibrium state because the rate of reaetion in the forward 
direetion exeeeds the rate of the reverse reaction. In general, it is found that 
the rate of a reaction decreases as the coneentrations of reaetants deerease, just 
as the rate of condensation of a vapor deereases as its pressure deereases. There- 
fore, as reaetants are eonverted to products, the rate of the forward reaetion 
decreases and that of the reverse reaction increases. When the two rates beeome 
equal, net reaetion ceases, and a constant eoncentration of all reagents 1s main- 
tained. In order for the system to move away from equilibrium, the rate of the 
forward or reverse reaction would have to change, and this does not happen if 
external conditions sueh as pressure and temperature are kept eonstant. Thus 
systems move toward equilibrium because of an imbalanee of reaetion rates; 
at equilibrium these rates are equal, and there is no way for the undisturbed 
system to move away from equilibrium. 

The third generalization about equilibrium is that the nature and properties 
of the equilibrium state are the same, regardless of the direction from whieh it 
is reached. It is easy to see that this apples to our example of the CaCQs, CaO, 
CO» system, for at each temperature there is a fixed value of the equilibrium 
COzg pressure at which the rate of evolution of CO» equals the rate of its eon- 
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version to CaCOg3. It does not matter rf this pressure is attained by allowing 
CaCOx3 to decompose, or by allowing CO, to react with pure CaO. The rates 
of the forward and reverse reactions become equal, and net reaction ceases when 
the equilibrium pressure of COQg is reached, whether this pressure is approached 
from above or below the equilibrium value. 

A certai amount of care is necessary in applying the third generalization to 
chemical svstems. Consider the reaction 


PCI5(g) = PCl3(g) + Clo(g). 


It is found experimentally that the equilibrium concentrations are the same 
when one mole of pure PCls decomposes mn a fixed volume or when one mole of 
PClg and one mole of Cly are mixed and react in the same volume. If in another 
experiment one mole of PCl3 and tivo moles of Clo are mixed, a new equilibrium 
state is reached. To approach this new equilibrium state from the opposite 
direction we would have to mix one mole of PCls with one mole of Clg. That is, 
our assertion that the equilibrium state 1s the same regardless of how it is 
approached presupposes that a fixed number of atoms of each element per unit 
volume are involved. 

The fact that the nature of the equilibrium state is mdependent of the 
direction from which it 1s approached is often used as a enterion for chemical 
equilibrium. There are chemical reactions that are exceedingly slow. How 
then can we distinguish between the truly time-invariant concentrations of 
reagents that exist at equilibrium, and a situation far from equilibrium which 
is changing so slowly that we cannot detect any net reaction? If bringing 
together pure “reactants” and then pure “products” leads to the same con- 
centrations of all reagents when all apparent net reaction ceases, then we can 
be sure the time-invariant situation is one of true equilibrium. If the situations 
reached from the product side and reactant side are different, then equilibrium 
has not bee reached, and the reaction is merely very slow. 

The fourth generalization is that the cquilibrium state represents a com- 
promise between two opposing tendencies: the drive for molecules to assume 
the state of mimimum energy and the urge toward a state of maximum molecular 
chaos or entropy. It is not difficult to analyze the equilibrium situation for the 
reaction 


CaCO3(s) = CaO(s) + COo(g) 


in these terms. In solid CaCOs3, the carbon and oxygen atoms are in a highly 
ordered condition: they are grouped as carbonate lous, CO3, which occupy 
well-defined sites in the erystal lattice. The chemical reaction corresponds to 
“freeing” a fragment of the CO; group as a COs gaseous molecule. These 
gaseous molecules can move anywhere within the volume of the container, and 
their positions at any mstant can be regarded as randomly distributed. Con- 
sequently, the CO2 molecules have more entropy in the gas phase than they do 
when they constitute part of the CO3 grouping in the ionic lattice. If the 
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urge toward maximum moleeular chaos were dommant, CaCO 3 would decom- 
pose completely to CaO and COs. Experiments show, however, that energy 1s 
absorbed by the system when COs is evolved from CaCQO3. Consequently, 
the change in the system that satisfies the drive to maximize entropy violates 
the tendeney to minimize cnergy, and vice versa. Therefore, the equilibrium 
pressure of COs over a mixture of CaCO, and CaO represents the best com- 
promise between the two opposing tendeneies. 

There are many other chenneal reactions in which the influence of entropy 
and energy is easy to discern. The simplest example is a dissociation reaction 
of a gaseous molecule: 


Ho(g) = 2H(g). 


The drive toward inaximuin entropy favors the dissociation reaction, for this 
process converts ordered prs of atoms mto free atoms that can move imde- 
pendently and which are randomly distributed in spaee at any mstant. On the 
other hand, the dissociation requires energy to break the ehemical bond between 
atoms, and consequently the drive toward minimum cnergy favors the mole- 
ecules’ remaming undissociated. In general, reaetions m which molecules are 
fragmented and bonds are broken are favored by the drive to maximize entropy, 
but opposed by the tendeney to minimize energy. 

There are reaetions for which the energy and entropy changes are much less 
obvious. lor example, the entropy change for the reaetion 


No ~+ O» — INO) 


is nearly zero, and it is not possible to discern by inspection whether the en- 
tropy factor favors products or reactants. Similarly, i is not possible to see by 
Inspeetion that the energy of the reaetants 1s lower than that of the products. 
To analyze the energy and entropy effects for such a reaction, we must use the 
quantitative methods of thermodynamies deseribed in Chapter 8. We shall 
find there that it is possible to evaluate energy and eutropy changes quanti- 
tatively, and to use this information to predict the extent to which a reaction 
will proceed from reactants to produets. 

While the general nature of phase equilbria and ehemieal equilibria is the 
same, the manner m which the equilibrium state is speerfied im the two mstanees 
is superficially different. Situations of phase equilibria can often be deseribed 
snnply by saying that a certain compound imnelts at a particular temperature 
and pressure, or that the vapor pressure has a certam value at a given tem- 
perature. In eontrast, to speeify situations of chemical equilibrium it is often 
necessary to give the eoneentrations of several reagents at cach temperature. 
lortunately, for each chemical reaetion there Is a single funetion whieh com- 
paetly expresses all possible situations of equiltbriunrat a particular temperature. 
This quantity, the equilibrium constant, is of foremost miportance im chemistry, 
and is discussed in detail in the next section. 
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5.2 THE EQUILIBRIUM CONSTANT 


It is an experimental fact that the pressure of COs in equilibrium with solid 
CaO and CaCQ3 1s a function only of the temperature of the reaction mixture. 
Onee the system has reached equilibrium, either solid CaO or CaCO 3 may be 
added or removed, and so long as some of eaeh solid is present in the system, 
the pressure of CO» will remain constant. Thus im order to characterize the 
equilibrium state of this system, It 1s only necessary to state the equilibrium 
pressure of CQo. 

The situation 1s somewhat different when there are several dissolved or 
gaseous reagents involved in a chemieal reaction. Let us consider the reaction 
between hydrogen gas and todine vapor to form gaseous hydrogen iodide: 


Ho(g) + Ie(g) = 2HI(g). 


It is easy to demonstrate that this reaetion 1s reversible, and that the same 
state of equilibrium ean be reached either by starting from pure Ho and I> as 
reactants, or by decomposing pure HI. Now, while the equilibrium state of the 
CaCO3, CaO, COs system can be characterized by one number, the pressure of 
COs, in the He, Iz, HI svstem, it is found that there are infinitely many sets of 
pressures of the reagents that ean exist at equilibrium. This variety of equilib- 
rium compositions arises because it 1s possible to reach equilibrium by starting 
the reaetion with equal pressures of H» and Ig, or with Hg m excess of Io, or 
viee versa. Jor any choiee of initial concentrations an equilibrium state is 
reached, but for each choice the eoneentration of the individual reagents at 
equilibrium is different. There is, however, a simple relationship between the 
concentrations of reagents at equilibrium. Jt is found experimentally that 
despite the infinite variety of pressures of individual reagents, the quantity 


2 
Lat 


pa. ay Sm! 
Lele He 


is a constant, dependent ouly on the temperature. Table 5.1 eontains some of 
the experimental data that demonstrate this fact. Thus, while there 1s a large 
number of sets of pressures or coneentrations that ean exist at equilibrium, 
there is a single universal relationship that 1s satisfied when the system is at 
equilibrium. 

Equation (5.3) is a simple example of an equilibrium constant. In general, 
experiments show that for a reaetion of the form 


aX + bB = cC + dD, 


the coneentrations of the reactants and products at equilibrium are related by 
the requirement that the funetion 


(C\(D)? _ 
(A}{B]> 





K (5.4) 
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Table 5.1 Equilibrium in the Ho, to, Hi reaction 


Partial pressure (atm) 


He re HI K = Pit1/Pu,P 1, 
0.1645 0.09783 0.9447 55.41 
0.2583 0.04229 0.7763 55.19 
0.1274 0.1339 0.9658 54.67 
0.1034 0.1794 1.0129 55.31 
0.02703 0.02745 0.2024 55.19 


0.06443 0.06540 0.4821 55.16 


Data of Taylor and Crist, J. Am. Chem. Soc., 63, 1377 (1941). 
In the first four experiments H! was formed from its elements. 
In the last two, equilibrium was approached by decomposing HI]. 
The temperature was 698.6°K. 


be a fixed eonstant whose value depends on the temperature and the identity of 
the reaetants and produets. Should any of the reagents be a gas, its pressure 
can be used in place of its eoncentration in Eq. (5.4). 

In the equilibrium-constant expression, the concentrations of the reaetion 
products, eaeh raised to a power equal to its stoiehiometrie eoeffheient in the 
chemical reaetion, appear in the numerator, and the concentrations of the 
reactants, each raised to the appropriate power, appear in the denominator. 
Why is there such a thing as the equilibrium eonstant, and why does it have 
this form? It is possible to answer this question by using the methods of thermo- 
dynamics or reaetion kineties whieh are presented in Chapters 8 and 9. [or the 
present, we will take the existenee and form of the equilibrium constant as 
experimental facts. We must remark, however, that the expression of Eq. (5.4) 
holds only if we are dealing with reagents that are ideal gases or are preset as 
solutes in an ideal solution. Thus Eq. (5.4) might be ealled the ideal law of 
ehemical equilibrium. 

There are several matters eoneerning the use of equilibrium eonstauts that 
should be earefully noted. First, how are we to write the equilibrium-constant 
expression for reactions sueh as 


CaCO3(s) = CaO(s) + CO2(g) 


that involve pure solids like CaO and CaCO3? Direet applieation of Inq. (5.4) 
would suggest that the appropriate expression is 


Kes [CO2}[CaO] ' 
[(CaCQs] 


In this instance, the solid phase is a mzxrture of individual microscopie erystals 
of pure CaO and CaCQs, and it is conventional not to inelude the eoneentra- 
tions of pure solids in the equilibrium-eonstant expression. In the first plaee, 
the concentration of a pure solid in itself is a constant, and is not changed by the 
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chemical reaction or by addition or removal of the solid. Moreover, it 1s an 
experimental fact that neither the amount of CaCOgz nor that of CaO affects 
the equilibrium pressure of CO», so long as some of each solid is present. Con- 
sequently, we can include the constant concentrations of the pure solids in the 
equilibrium constant itself and write 


[CaCQO3] 


Ko COs =k. 


Thus the equilibrium constant for the decomposition of CaCQOg3 is equal to the 
concentration (or pressure) of the carbon dioxide at equilibrium. The same 
principle applies to the reaction 


Cutt (aq) + Zn(s) = Cu(s) + Zn** (aq). 


The equilibrium constant is 


(Znt 1) _ 


cary = & 





The metals do not appear in the equilibrium expression, for they are pure solids 
of constant composition. 

Another important matter is illustrated by the relation between the equilib- 
rium constant for the reaction 


2Ho(g) + Oo(g) = 2H20(g) 
and that for the simpler reaction 


Ho(g) + 20o(g) = H2O0(g). 


For the first reaction we have 
(H,O]? 


eS 


[H2]?[O2! 


while for the second reaction we would write 


[H20] 


Ke = TOs) 2 


Comparison of these expressions shows that 
_ zl/2 
Kae =H hh yee 
In general, if a reaction is multiplied by a certain factor, its equilibrium constant 


must be razsed to a power equal to that factor in order to obtain the equilibrium 
constant for the new reaction. 
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A closely related problem is the relationship between the equiltbrium con- 
stants for a reaction such as 


and its reverse, 
2NO.e a ZO) -- Oo. 


lor the reaction as first written we get 


_ (NOs)? 
“1 = TNOP{Oal’ 


while the equilibrium constant for its reverse is 


: [NOo]? 


Comparison of the two expressions shows that 


: 1 
Ko = a : 
That ts, the equihbrium constants for a reaetion and its reverse are reciprocals 
of each other. We could have obtained this result by following the previous 
rule, that is, multiplying the forward reaction by —1, and raising Ky, to the 
—1 power. 
Often it Is necessary to add two reactions together to obtain a third reaction. 
The equilibrium constant of the third reaction is related to the equilibrium 
coustants of the two component reactions, as the following example illustrates: 


[NOo]* 
[NOj7[02] ” 
[N204] . 
[NO]? ’ 


[N24] 
[NO][05] 


2NO(g) + Oo(g) = 2NOo(g), Ki = 


2NOo(g) = N204(g), Ky = 





2NO(g) + Oo(g) = NoOg(g), K3 = 


Comparing the three equilibrium constants, we see that Kg = K,Ko. Thus, 
when two or more reactions are added, their equilibrium constants must be 
multiplied to give the equilibrium constant of the overall reaction. 

The magnitude of the equilibrium constant depends on the units used to 
express the coneentrations of the reagents. For example, consider the ammonia 
synthesis reaction at 673°K: 


No — 3H. = 2NHs3. 
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When the equilibrium constant is written in terms of the pressures of the reagents 
expressed in units of atmospheres, we have 


(Pxu,)° 
(Px,)(Pu,)° 


However, if the pressure units to be used are torr (mm Hg), we would employ a 


value of Kp given by 
760 torr\* 
atm 


760 torr\ /760 torr\? 
atm atm 


=n. Gat a 


K p(atm) = == alte 


K p(torr) = K p(atm) 


K p(atm) 


K p(torr) = (760)? 


Similarly, we might wish to use concentration units of moles per liter instead of 
pressure. From the ideal gas law we see that 


Geis ae 
Vwi 
where P is in atmospheres, and # has units of liter-atmospheres per mole-degree. 
Thus the conversion factor from pressure to concentration is 1/RT. 
Therefore for the ammonia synthesis we have 


Oy?) 
(1/RT)(1/RT)? 
— Kp(atm) (RT)? 
= 1.64 x 10—* X 3.05 X 10° 
= 0.500. 


K c(moles/liter) = K p(atm) 


Note that to convert an equilibrium constant to a new set of units, we multiply 
the old value by a factor which is found by raising the conversion factor from 
old to new units to the power An, where An is the change in the number of moles 
(final minus initial) of dissolved or volatile reagents. 


Interpretation of Equilibrium Constants 


The numerical value of the equilibrium constant for a reaction is a concise 
expression of the tendency for reactants to be converted to products. Because 
the algebraic form of the equilibrium constant is sometimes moderately com- 
plex, some care and experience are required to interpret its numerical value. 
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In this section we shall examine some simple types of reaetion with the purpose 
of finding what qualitative information can be learned from the value of the 
equilibrium eoustant. 

As our first example, we choose reaetions in whieh there is only one reagent 
of variable eoncentration. These include 


CaCO3(s) = CaO(s) + COo(g), kK =iC@ar 
Io(s) = I. Gin CCl, solution), kK (ep 


For such reaetious, the equilibrium constant is simply equal to the equilibrium 
eoheentration of a stngle reagent. I*or the seeond of these reaetions, the equt- 
librium constant is just the solubility of iodine in carbon tetraehloride. One 
way of representing the iodine solubility is to plot the allowed concentrations 
of dissolved todine as a funetion of the amount of solid iodine present, as m 
Fig. 5.1. The significance of the horizontal line is that if any exeess solid iodine 
is present, the solution 1s saturated, and the eoncentration of dissolved iodine 
must equal K. The meaning of the vertical line is that so long as no solid I, 
is present, the eoncentration of dissolved Iz may be any value less than K. 


0.2 
s 

$01 
Solubility of le in CCl4. The solid Ee 
horizontal line represents the equi- = 
librium states of the system, while = 


the dashed line represents a possible 
path to an equilibrium state. ~~) 0] 0.2 0.3 





Moles of sohd Ig present 


It is informative to use this diagram to represent what happens when a 
certain amount of I» is added to one liter of solvent. The initial state in whieh 
I, 1s present only as the undissolved solid is represented by a point on the 
abseissa. As I. dissolves, the states through which the system passes fall on a 
straight line of slope —1, sinee for eaeh mole of I, that enters the solution, the 
coneentration mereases by 1 A/. The final equilibrium situation is at the mter- 
seetion of this line with the heavy horizontal line. If the initial amount of I» 
is iisuffieient to form a saturated solution, the sloping line will intersect the 
ordinate. A little reflection on this example leads us to eonelude that any initial 
situation that is not represented by a point on the heavy line mn Fig. 5.1 1s not 
an equilibrium state, aud sueh a system will approaeh equilibrium by preeipitat- 
ing or dissolving solid iodine. The progress toward equilibrium is represented 
by a line of negative slope, and the final state of the system by the mterseetion 
of this line with the ordinate or the equilibriuin line [I,.] = A. 
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Now let us turn to reactions of the type exemplified by 











Zn(s) + Cutt (aq) = Cu(s) + Znt*(aq) C= Zn] — 2 x 10°: 
li (Cut+] , 
HCl{g) + LiH(s) = Ho(g) + LiCl(s), K= Teh = 8c ier’ 
CH3 
| [isobutane] 
CH3CH»CHe.CH3; = CH3CHCHs, Kk = — ——2 
; [n-butane] 
n-butane isobutane 


In each instance the concentration ratio of products to reactants is a constant 
at equilibrium. Thus the value of K gives the concentration ratio at equilibrium 
directly: if the value of K is less than one, the reactant is in dominant con- 
centration, and if K is large, the product is greatly favored. The equilibrium 
constants depend on temperature, and the values quoted refer to 25°C. 


Equilibrium states of the n-butane-isobutane system. The FIG. 5.2 
dashed lines represent possible paths to equilibrium. 


Isobutane 





n-butane 


The possible equilibrium states for such systems can be represented by 
plotting the concentration of product at equilibrium as a function of the con- 
ecntration of reactant. The result for the n-butane-isobutane system, shown In 
hig. 5.2, is a straight line of slope K. Any point on the line corresponds to a 
state of equilibrium, while any system represented by a point not on the lne 
is not at equilibrium. 

Two paths that a system might follow as it proceeds to an equilibrium state 
are also shown in lig. 5.2. If only pure n-butane is present initially, the reaction 
path starts at a point on the abscissa and is a straight line slope —1, because 
1 mole/liter of product appears for each mole/liter of reactant that disappears. 
If only isobutane is present initially, the reaction path starts on the ordinate 
and is a line of slope —1 that terminates on the equilibrium line. From these 
two examples it 1s clear that any arbitrary mixture of isobutane and 7-butane 
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that does not stand in a concentration ratio AK is represented by a point some- 
where off the equilibrium line. The system will proceed to equilibrium by 
following a path whose slope is —1, and whose direction is determined by 
whether the initial concentration ratio is greater or less than K. 

A third type of reaction that has a simple equilibrium-constant expression 
is illustrated by 


BaSO,(s) = Bat*(aq) + SOF(aq), K = [Bat*t][SO7] = 1x 10~"; 
NH,HS(s) = NHa(g) + Hed(g), K = [NHsg][H.S] = 9 x 10~°. 


The numerical magnitude of an equilibrium constant of this type depends on 
the units chosen for concentration. In this instance, and those that follow, the 
concentration units are moles/liter. With this in mind, the value of the equi- 
librium constant can be interpreted without difficulty. A small value of K 
means that at equilibrium the concentrations of both products must be small, 
or if one is in large concentration, the other must be in very small concentration. 
For the special case in which the concentrations of the two products are the 
same, they must both be equal to K'/*. In general, the concentrations of 
the two products are not equal, and the value of K limits only the product 
of the two concentrations. 

These ideas can be understood with the aid of Fig. 5.38, where the equation 


(Batt |[SO7] = K = 1x 107'° 


is plotted. The equilibrium states lie on a rectangular hyperbola which has the 
coordinate axes as asymptotes. We see that if the concentration of SO4q 1s 
made large by addition of NagSO,4, the Bat coneentration at equilibrium 
must become very small. 


Equilibrium states of the BaSQ,4-H20 
system. Dashed line a is the path to equi- 
librium followed when pure BaSQ, dis- 
solves in water, while b represents the 
addition of BaCle to a solution of HeSQx. 


[Batt] x 10° (moles/liter) 





0 1.0 2.0 3.0 
[SOF] 10° (moles/liter) 
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Examples of the paths that systems might follow to reach an equilibrium 
state are shown in lig. 5.8. If pure BaSOg is dissolved in water, the system 
follows a line of unit slope from the origin, sinee the concentrations of the two 
ions Increase equally as BaSOy, dissolves. On the other hand, if small amounts 
of solid BaCle. are added to a solution of HaSO4, the concentration of Batt 
rises along a vertical line which eventually intersects the equilibrium hyperbola. 
The first BaSO, precipitates at a Batt concentration corresponding to this 
point of intersection. Any further addition of Bat* causes more BaSO, to 
precipitate, and consequently the concentration of SO4 decreases. As this 
process contmues, the point representing the system follows the hyperbola in 
the direction of increasing [Bat*] and decreasing (SO{]. 

A fourth type of reaction is of the general form 


Eels 
Ap 215. K=+—. 
[A] 
As specific examples we have 
[H]° —21 
Ho(g) = 2H(g), Kiso = — =2.1X 10”; 
[H 9] 
7 ~ [NO]? —4 
N2O4(g) = 2NOo(g), Ko93 = —— = 5.7 X 10”, 
204(g) 2(g) 298 [N04] 


where the concentrations are expressed in moles per liter. Although there are 
only two chemical species involved, the interpretation of this type of equilibrium 
constant is less straightforward than were the previous cases, for K is no longer 
a simple product or ratio of concentrations. It is still true, however, that if K 
is a very small number, the reactant will be in predominant concentration at 
equilibrium, while if K is very large, the product will be favored. The examples 
above indicate, therefore, that at room temperature, the dissociation of hydrogen 
to atoms is negligible, but the dissociation of N2Q4 is noticeable. 


on 


—— CS 
Seo © SC 


Equilibrium states of the NO»o-N2O; sys- 
tem. The curve is a parabola which has 
the equation [NO2]* = K[N20,]. 


[NOx] x 103(moles/liter) 


a) 


1.0 2.0 3.0) 4.0 
[N04] X 108(moles/liter) 
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igure 5.4 is a graphical representation of the NO s-N2O4 equilibrium. The 
equilibrium states lie om a parabola which has the equation 


CNC ODN ON: 


The paths representing the passage of a system to equihbrium are hues of slope 
—? for two moles of NOo are formed for each mole of NoOy consumed. 

The graphical treatment of equilibria which we have just discussed 1s helpful 
because if provides a clear way of seeing whether a given set of concentrations 
corresponds to an equilibrium state, and how a system not at equilibrium will 
change. Unfortunately, if there are more than two different reagents of variable 
concentration involved in the reaetion, graphical representation of the system 
is dificult and not particularly mformative. Nevertheless, our arguments based 
on the graphical treatment of srmple systems suggest some generalizations that 
we can express algebraically and apply to all svstems. If the concentrations of 
the reagents that appear in the general reaction 


aA -+ DB = cC+dD 
are such that 
[C}*[D]" _ 
[Adlg| BI? 





a. 
the system Is at equiibrrum. If the concentrations are such that 


[C}*{DI° 
[A}[B}? 





ae Le 


the reactants are in excess of the equilibrium values, and the reaction will 
proceed to equilibrium from left to right as written. On the other hand, if 


c d 
[A}@[B]° 
the products are in excess of therr equilibrium vidue, and the reaction proceeds 
from right to left. 
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In Section 4.6 we made use of LeChateher’s principle, which states that if a 
system at equilibrium is subjected to a disturbance or stress that changes any 
of the factors that determine the state of equilibrium, the svstem will reaet m 
such a way as to mimimize the effeet of the disturbanee. LeChatelier’s prin- 
ciple 1s of great help in dealing with chemical equilibria, for it allows us to 
predict the qualitative response of a system to changes m external conditions. 
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Such qualitative predictions are valuable guides amd checks on the quantita- 
tive mathematical analysis of equilibria. In this section we shall illustrate the 
application of LeChatelier’s principle and compare its predictions with the 
results of arguments based more directly on the equilibrium-constant expression. 


Concentration Effects 


Let us consider first a saturated solution of iodine in carbon tetrachloride which 
is in contact with excess solid rodine. What is the effect of adding a small 
amount of pure carbon tetrachloride to the svstem? The immediate conse- 
quence Is to remove the system from equilibrium, for immediately after the 
addition of the pure solvent, the concentration of iodine in the solution is less 
than the equilibrium value. Thus the addition of solvent does affect the value 
of a factor that determines the state of equilibrium, aud ts, therefore, a stress 
in the sense rmplhied tn LeChatelier’s principle. The prediction from LeChatelier’s 
principle in this instance 1s that more solid iodine will dissolve, and thereby 
minimize the effect of the addition of solvent. Common experience assures us 
that this is indeed what happens. 

| The equilibrium-constant expression can be used to make a qualitative 

| prediction of the behavior or response of a svstem to a disturbance. For the 
example we are treating. the relation 


| (Ie) = K 
















holds at equilibrium. but immediately after addition of the solvent we have 


lhe 
This situation can be remedied if the reaction 
I,(s) — solvent = I» (in solution) 


proceeds as written from left to right. Thus the predictions based on 
|eChatelier’s principle and on the equilibrium-constant expression are in 
accord with each other and with experimental fact. 

For a somewhat more involved situation, let us turn to the equilibrium 
between solid barium sulfate and ai aqueous solution of its tons: 


BaSO,(s) = Bat~ (aq) + SOF (aq). 


What is the effect of the addition of a small amount of a concentrated solution 
Gf Was80,? Such an addition causes au inimediate and marked increase in the 
oncentration of sulfate ion, and is, therefore, a stress that removes the svstem 


n equilibrium. From LeChatelier’s principle we predict a reaction in the 
rection that minimizes the effects of this stress; that is, a reaction that 
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removes sulfate 1on from solution. Consequently, addition of the sodium sulfate 
solution should cause barium sulfate to preeipitate from solution. 

Let us see how the same prediction can be made by using the equilibrium- 
constant expression. At equihbrium the relation 


[Bat T][SOF] = K (5.5 


holds, but immediately after the addition of excess sulfate 1on, before any 
reaction occurs, we must have 


[Bat T]|[SO7T] > K. 


It is clear that in order for the system to reach equibbrium, the concentrations 
of Batt and SOF must diminish, and this is aceomphshed by the precipitation 
of sod barium sulfate. Once again predictions based on the equihbrium con- 
stant and LeChateher’s principle are in agreement. 


oo 
— 


2.0 


Perturbation of the barium sulfate solu- 
bility equilibrium by addition of sulfate 
ion. Line a represents the departure from 
equilibrium caused by sulfate addition, 
and line b is the path followed by the 
system to a new equilibrium state. 0 


—_— 
= 


[Bat*] x 10° (moles/liter) 





0 1.0 2.0 3.0 
[SOF] 105 (moles/liter) 


We can make the conclusions about the behavior of the barium sulfate 
system more vivid by using the graphical representation of the equihbrium 
states of the system. Tigure 5.5 shows Eq. (5.5) plotted as a rectangular 
hyperbola. Initially, the system ean be represented by a point on this equi- 
hbrium curve, but sudden addition of sulfate ion causes the system to follow a 
horizontal path away from the equilibrium line. When the system is left to 
itself, it returus to equilibrium by following a path of slope +1 on the graph, 
and the final state is at the intersection of this hne with the equihbrium curve. 
Iigure 5.5 shows clearly that the final concentration of barium ion is fess than 
the initial concentration, and that the final coneentration of sulfate 10n 1s greater 
than the initial concentration, but less than what would have existed after the 
addition if no precipitation had oceurred. 
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The methods we have been using apply equally well to gaseous equilibria. 
For instance, if the reaction 


SOo(g) + 302(g) = SO3(g) 


is mitially at equilibrium, what ts the effect of suddenly adding oxygen gas to 
the mixture? Such an addition is a disturbing stress, and from LeChatelier’s 
principle we predict a net reaction that consumes the oxygen—the reaction of 
SO» and Oz to produce SO3. By using the equilibrium-constant expression we 
eonclude that rmmediately after the addition of oxygen, the relation 


[SOs] 


Sou 


holds, and ean be converted to an equality only if sulfur trioxide ts formed from 
sulfur droxide and oxygen. 

Now we ean explore the consequenees of changing the volume of the vessel 
that contains a gaseous system at equilibrium. A change in total volume 
ehanges the coneentrations of all gases, and consequently may cause a de- 
parture from equilrbrium. This behavior ts evident if we imagine the reaction 

ee NO 

2NOo(g) N204(g), K [NO»|2 
mitially at equilibrium and ask for the effect of decreasing the volume of the 
eontaming vessel by a factor of two. If no reaction oecurred, the immediate 
result would be to double all concentrations, and in such a state we would have 

2041 - K 

NOE 
This must be true, for rf all coneentrations are doubled, the numerator of the 
eoneentration quotient increases by a faetor of two, while the denommator 
increases by a factor of two squared, or four. The concentration quotient then 
is not equal to the equilibrium constant, and a reaction that increases the con- 
centration of N2O, while decreasing the concentration of NO» must occur. 
Use of LeChatelier’s prineiple confirms this prediction. The stress in this ease 
is an increase in the total concentration of molecules—a stress that can be 
relieved if the system reacts so as to deerease the net number of molecules. 
Since two molecules of NO» are consumed for each molecule of N2O, formed, 
the response of the system is to convert NO» to N2O4. 

A volume change does not necessarily remove a gaseous system from equi- 
librium. If the reaction 





CH; 


| 
CHszCHsCHoCH; = CH.CHCH, 
Butane Isobutane 
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is at equilibrium and the volume of the contamer is halved, each concentration 
is doubled, but the relation 


[isobutane] __ ,, 
[butane] 





shows that even in this more concentrated situation the svstem remains at 
equilibrium. Any change of the concentration of butane 1s accompanied by an 
identical change of the isobutane concentration, and the ratio of these two 
concentrations remains constant. <A little reflection on this and the previous 
example leads to the conclusion that only in the cases of reactions m which the 
number of moles of gaseous reactants is different from the number of moles of 
gaseous products does a volume change remove the system from equilibrium. 
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What is the effect of a temperature change on a system initially at equilibrium? 
In general, the numerical values of equilibrium constants depend on tempera- 
ture. Therefore, if the temperature of a system initially at equilibrium is 
changed, some net reaction must occur m order for the system to reach equi- 
hbrium at the new temperature. Experiments show that if a reaction 1s 
exothermic, that is, 1f Af is negative, its equilibrium constant decreases as 
temperature increases. From the point of view of LeChatelier’s principle, an 
increase of temperature is a stress that Is partially relieved by the occurrence 
of a net reaction that proceeds with absorption of heat by the system. Con- 
sider then the reaction 


2 NOo(g) = N20a4(g), AH = ~—13.9 kcal, 
Ke73 = 76, Koos = 88, 


where the K’s are the equilibrium constants at 273°K and 298°K, respectively. 
The reaction 1s exothermic, A does in fact decrease, and reactants become more 
favored as temperature increases. According to LeChatelier’s principle also, 
increasing temperature should favor the formation of reactants from products 
for this is the direction of reaction that absorbs heat. Thus the prediction 
based on LeChatelier’s principle and the actual observed values of the equilib- 
rium constant are consistent. 
As an example of an endothermic reaction, let us inspect 


No(g) + Oo(g) = 2NO(g), AH = 43.5 kcal. 


By LeChatelier’s principle we can predict that increasing temperature should 
favor formation of nitric oxide, for this process is accompanied by absorption 
of heat. Actual determination of equilibrium constants confirms this, as we 
can see: 


Keoo00 a 2 | x LO, Koa500 = 0 x Omer 
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In the special case of a reaction for which AH is zero, a temperature merease 
can favor neither products nor reactauts, for the reaction does not proceed in 
either direction with absorption of heat. In harmony with this conclusion, the 
equilibrium constants of reactions for which AH ts zero are found to be in- 
dependent of temperature. 


5.4 EQUILIBRIA IN NONIDEAL SITUATIONS 


We remarked earlier in this chapter that the expression 


_ {cywr? 
<= TAyB) 


holds only in situations where all reactants and products behave like ideal 
gases or are components of an ideal solution. For reactions between gases at 
high pressures, or for reactions in markedly nonideal solutions, the equilibrium 
“constant” expressed in terms of pressures or concentrations Is not strictly 
constant. To analyze these nonideal situations, it is customary to make use of 
the concept of activity. The activity of a substance may be thought of as an 
effective concentration. It has the property that in all situations, the equilib- 
rrum-constant expression can be written as 


{O}{D}* _ 
fayapys = % 

where the notation {A} stands for the activity of A. Thus in terms of the 
activity, the equilibrium-constant expression has its simple form and is always 
constant at a particular temperature. 

How is the activity of a substance determimed? [or an ideal gas the activity 
is numerically equal to the pressure in atmospheres, but for a nonideal gas the 
activity must be calculated from the experimentally determmed equation of 
state. This is a moderately involved process which we will not describe. Tor 
our purposes it is enough to remark that for gases at pressures of 1 atm or less 
and at ordinary temperatures, an error usually of less than 1% is made by 
considering the activity and the pressure of a gas to be equal. 

For electrolytes in very dilute aqueous solution, activity is very nearly 
numerically equal to the molal or molar concentration. For solutions of ap- 
proximately 0.1-J/ concentration, however, activity and concentration differ 
by from 10 to 50%, depending on the electrolyte concentration and the charge 
on the ions. Oue way of determining the activity of such solutions is by freezing- 
point depression measurements. If solutions were ideal, the freezing-point 
depression would be directly proportional to the total molal concentration of 
solute: 


Shay 
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This law is obeyed by very dilute solutions, but the more concentrated solutions 
deviate from it noticeably. By comparing the observed freezing point of a 
solution with that expected for an ideal solution of the same concentration, the 
activity of the solute can be calculated. This procedure establishes a relation 
between activity and concentration that can be used in dealing with other 
equilibrium situations. 

Any very accurate mathematical analysis of an equilibrium situation must 
be performed in terms of activities rather than concentrations. However, 
relating activities to concentrations is often a tedious task, and the accuracy 
gained by using activities 1s in many cases not worth the extra effort. In par- 
ticular, design and analysis of the laboratory work of undergraduate chemistry 
require performing equilibrium calculations to an accuracy of about 5%, which 
can be accomplished easily if concentrations are used in place of activities. 
This is the procedure we shall follow without comment in subsequent sections 
of this book. It is important to realize that the results of such calculations, while 
very useful, are usually accurate only to 5%. 
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In many situations it is necessary to know the concentrations of the reactants 
and the products of a reaction when the system is at equilibrium. Rather than 
measure these numbers directly for each new situation, it 1s easier to calculate 
them if the equilibrium constant for the reaction is known. In this section we 
shall perform some calculations with the equilibrium constant to illustrate the 
technique and to demonstrate how the value of the equilibrium constant can 
be interpreted quantitatively. We shall concentrate on some simple gas re- 
actions and reserve for special consideration in Chapter 6 the situations of 
equilibrium between ions in aqueous solution. 

The equilibrium constants of reactions between gases are often expressed in 
terms of the partial pressures of reagents, and unless otherwise stated, the units 
are atmospheres. Thus for the reaction 


N204(g) = 2NOo(g), 
we have 
PNo, 


Kp = 
‘ Py,o, 


= 0.14, 


when pressures are expressed 1n atmospheres, at 25°C. 

In dealing with a gaseous system, the experimental mformation most readily 
available is the total pressure of all the reactants and products, rather than the 
partial pressures of each. Therefore, it 1s sometimes useful to express the 
equilibrium constant mm terms of the total pressure. For the N2OQ4-NQObd reaction 
we can accomplish this as follows. Imagine starting with a certain number 
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of moles of pure N2O4; when equilibrium is reached, a fraction f of the original 
NO, has dissociated. Then, 1 —f is the fraction of the original NO, 
remaining, and is proportional to the number of moles of N2O4 present at 
equilibrium. Similarly, since 2 moles of NO» are formed from each mole of 
NO, that dissociates, 2f 1s proportional to the number of moles of NO» present 
at equilibrium. Therefore, the total number of moles of all particles present at 
equilibrium is proportional to 1 — f+ 2f, or to 1+ f. Now we can write the 
following expressions for the mole fractions of NoO4 and NO,: 


= D, 


By Dalton’s law, we can express the partial pressures of NO» and NoO, in 
terms of the total pressure P: 





: of 
r | ices 
leah — NOs == eo a 


We can now return to the equilibrium constant, and use these expressions 
in place of the partial pressures to get 





ez) 

1+ 4f°P 

= oe = (5.6) 
(54)? 


This is the expression we were seeking: the equilibrium condition expressed in 
terms of P, the total pressure of reactants and products, and f, the fraction of 
the original NO, that dissociated. Bear im mind that Kp is a constant that 
depends only on temperature. Therefore, as the total pressure P is varied, the 
fraction of NO, dissociated must change so as to keep the right-hand side of 
Eq. (5.6) constant. Suppose, for example, that the volume of the system is 
increased, so that P decreases. Does f increase or decrease? By LeChatelier’s 
principle we expect more N»O, to dissociate and thus f to increase as P de- 
creases. This is just what Eq. (5.6) says will happen. To see this clearly, we 


rearrange Eq. (5.6) to 
Kp fl 


from which it is obvious that if P decreases, f must mcrease if Kp is a constant. 
Thus, as predicted from LeChatelier’s principle, a decrease in total pressure 
favors the products of this reaction. 


2.2 CALCULATIONS WITH THE EQUILIBRIUM CONSTANT 


195 


196 


Example 5.1 A mixture of NoO4 and NOg has at cquilibrium a total pressure of 
1.5 atm. What fraction of NoO4 has dissociated to NOg at 25°C? The equilibrium 
constant Ap = 0.14. By Eq. (5.6) 


_ 4p P 4f- 
Kp = ery 0.14 = f= 72 Lio; 
f° = 0.023, f = 0.15. 


If the volume of the system is increased so that the pressure falls to 1 atm, what frac- 
tion of the original N2Qx4 is dissociated ? 


4f° 5 


0.14 = 172 1 f as 0.034, ik = 0.18. 


Thus, f does increase as total pressure decreases. 


Oecasionally it is possible to measure the partial pressure of one of the sub- 
stances in an equilibrium mixture directly. Then it may be possible to caleulate 
the partial pressures of the other reagents by using the equilibrium constant. 
Suppose, for example, the partial pressure of NO» in equilibrium with NO, 
is found to be 0.23 atm. What pressure of NoO,4 is present? To solve this 
problem we use the equilibrium eonstant in the form 


y 
PNo, 


Kn = 
9 eR 


= 0.14. 





Setting Pyo, = 0.23 atm, and carrying out the arithmetic gives 


2 
Py,o, = oe) = 0.38 atm. 





Calculations of this type are easy when only two reagents are involved, but we 
shall find that they ean be accomplished even for more complicated situations. 

To gain experience with an equilibrium eonstant of a different form, let us 
consider the reaction 


NH4HS(s) = NHa(g) + H28(g), 
Kp = Pyu Pus = 0.11, 


where the equilibrium constant is evaluated at 25°C. Since ammonium hydro- 
sulfide is a solid of invariant composition, it is not included in the equilibrium- 
eonstant expression. Let us use the value of the equilibrium constant to 
calculate the pressure of ammonia and hydrogen sulfide in equilibrium with the 
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pure salt at 25°C. Since the gases come from the evaporation of the pure salt 
in equimolar quantities we have 


Pyu, = Pus; 
eee ee — a OL 
Pyu, — a) 30 Jt — Laas 


Thus, when the pure salt evaporates into an evacuated container, the Pate 
of each gas is 0.33 atm at equilibrium. 

What would be the effect of injecting some pure ammonia gas into the am- 
monium hydrosulfide system, after the latter had reached equilibrium? By 
LeChatelier’s principle, this would be a stress that could be relieved by the 
consumption of ammonia by reaction with hydrogen sulfide. The result of the 
addition of ammonia, then, would be a decrease in the pressure of hydrogen 
sulfide at equilibrium. This conclusion can be reached by using the equilib- 
rium-constant expression, for if Pn, 18 increased, Py,s must decrease if their 
product is to remain constant. 


Example 5.2 Some solid NH4HS is plaeed in a flask eontaining 0.50 atm of ammonia. 
What are the pressures of ammonia and hydrogen sulfide when equilibrium is reached? 

Beeause some ammonia is added, the pressures of ammonia and hydrogen sulfide 
are not equal when equilibrium is reached. However, we can write 


Pyu, = 0.50 + Pugs. 
Therefore, 
Kp = Pyy3Pu.s = (0.5 + Puss) Pues, 
0.11 = (0.50 -+- Pu.s) Pus, 
Puos = 0.17 atm, 
Puy; = 0.50 - Ol = 0.67 atm. 


Comparison of the pressure of hydrogen sulfide with that found after the evaporation 
of the pure solid into vaeuum shows that the added ammonia has repressed the evap- 
oration of the solid, as expeeted aeeording to LeChatelier’s principle. Note also that 
sinee equilibrium can be approaehed from either direction, the results of this caleula- 
tion apply to the case in which a quantity of ammonia cquivalent to a pressure of 
0.5 atm in this flask is added to the solid already at equilibrium with its vapor. 


The two reactions investigated are particularly easy to treat, since each of 


them involves only two reagents of variable concentration. Nevertheless, our 
experience with them will help us deal with the reaction 


PCl5(g) = PCl3(g) + Cle(g). 
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When pressures are expressed in atmospheres, 


ee Pela Cl 


kK 
Ppcl, 


== le. 
at a temperature of 300°C. 

First let us tmagine that enough pure solid PCI; is placed in a flask so that 
when the temperature is raised to 300°C, it would all vaporize to give a pres- 
sure of Po atm, 7f no PCls dissociated. If some PCls does dissociate to PCle 
and Cle, we have 


Po, = Precis Pros = bo cin 


since for each mole of PCl; that dissociates, one mole of Cl. and one mole of 
PCl3 are formed. With these relations we can write the equilibrium-constant 
expression entirely in terms of the partial pressure of chlorine and Po, the 
pressure of PCls that would exist if no dissociation occurred: 

Bee 6 cel lee eezcr ee 

Pec BPo— Pees 





Kp 


As a specific case, suppose that Pp is 1.5 atm. Then at equilibrium, 


Go — se 
Po, = 1.34 atm, Ppci, = 1.34 atm, Ppci, = 1.50 — 1.84 = 0.16 atm. 


We can compute the fraction f of PCl; that dissociated by 


For comparison, let us now assume that enough PCl; is used so that Po is 
3.0 atm. Then 


Kp = 115 = =——"—__ 
Poy ear atm, Pro, — 247atm, Ppo, = USA 


lor the fraction dissociated we find 


2.47 
5:80. 
f=" = 08 
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Increasing the total amount of material at fixed volume, or increasing the total 
pressure, decreases the fraction of PCl; that dissociates. 

What is the effect of adding chlorine gas to the reaction mixture? Qualita- 
tively it is clear that the additional chlorine must repress the dissociation of 
PCl;. To demonstrate this quantitatively, let us assume that 1.5 atm of chlorine 
is added to an amount of PCls sufficient to exert 3.0-atm pressure if none dis- 
sociated. Then, if some PCl; does dissociate, the stoichiometry of the reaction 
tells us that 


Ppci, = 3.0 — Pprci,, Po, = 1.56 + Ppci,. 


Substitution of these relations into the equilibrium-constant expression gives 


PpoiP cl, eae Ppci,(1.5 + Ppci,) 
iP Cl, 0 el pele 


Prci, 2.20 atm, Poi, = Sefat atm, Ppci; = 0.74 atm. 


foo — 11 


The expression for the fraction of PCls that dissociated is 


— Peo, 2.26 — 
f= pt = Fy = 0-7. 


Comparison of these answers with corresponding ones from the previous cal- 
culation shows that addition of chlorine does diminish the amount of PCls that 
dissociates. The fraction dissociated would also be diminished by addition of 
PCls, as a trial calculation will show. 

As a final application, we can use the equilibrium-constant concept to pro- 
vide a heuristic derivation of the equation of state for nonideal gases. Let us 
assume that nonideality arises from the dimerization of gas molecules, 


2A — Ag, 


which is a reaction with a small, but significant equilibrium constant K. If 
[Alo is the concentration that A-molecules would have if none dimerized, we 
can write 


Poe Vi 
[A]? ({A]Jo — 2[Ag])? 


[Ae] = K([Ao] — 2[Ae])” & K[Aodl’, 


where the approximation is valid if the concentration of dimers is very small. 
We now regard the gas as a mixture of dimers and monomers, and the total 
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pressure can be found from Dalton’s law 


Pe ee eae) 
= RT((Ao] — 2[Ae] + [Ag]) 
= RT([Ao] — K[Ao]’). 


Letting n stand for the total number of moles of A, we can write 


lee Kn 
p= nit), 


a nk a 
ep = ia SP) 





This is the form of the first two terms of the virial equation of state. Since K 
is positive, Eq. (5.7) accounts for negative deviations from ideal gas behavior. 
The positive deviations, which do not arise from dimer formation, are not 
accounted for in Eq. (5.7). If, however, we had expressed the total concentra- 
tion of A-molecules not as n/V but as n/(V — nb), both positive and negative 
deviations from ideality would have been accommodated. 
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A chemical reaction is a complicated mechanical process in which atoms 
initially in one arrangement are converted to some other arrangement. This 
process is reversible, and consequently, in a closed system, reactants and 
products can exist permanently together in fixed relative amounts that reflect 
the intrinsic stabilities of the various compounds. The most succinct and 
meaningful description of these equilibrium situations is contained in the 
equilibrium constant. Therefore, to deal with the quantitative aspects of 
chemistry, to understand what is meant by chemical reactivity, an appreciation 
of the use and significance of the equilibrium constant is absolutely essential. 
In this chapter, we have investigated some simple chemical equilibria qualita- 
tively and quantitatively, and we shall make continual use of the ideas we have 
generated. As more complicated equilibria are encountered, it is essential to 
be guided by previous experience and to attempt to answer the questions we 
have discussed here: What is the qualitative meaning of the form and mag- 
nitude of the equilibrium constant? What do they tell us about the tendency 
of a reaction to proceed to products? What do the AH- and equilibrium-constant 
expression tell us about how temperature and concentration changes influence 
the amounts of products and reactants at equilibrium? How can the equilib- 
rium constant be used to calculate the concentrations that exist at equilibrium? 
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PROBLEMS 
5.1 Write the equilibrium-constant expression for each of the following reactions. 
2NOCI(g) = 2NO(g) + Clo(g) 
Zn(s) + CQe(g) = ZnO(s) + CO(g) 
MgSO.(s) = MgOQ(s) + 5Oa(g) 
Zn(s) + 2H*(aq) = Zntt(aq) + Ha(g) 
NH4Cl(s) = NH3(g) + HCl(g) 
5.2 For which of the following reactions does the equilibrium constant depend on the 
units of concentration? 
(a) CO(g) + H2O(g) = COe(g) + Ha(g) 
(b) COCle(g) = CO(g) + Cle(g) 
(c) NO(g) = $No(g) + 302(g) 
5.3 Of the metals Zn, Mg, and Fe, which removes cupric ion from solution most 
completely? The following equilibrium constants hold at room temperature. 
Zn(s) + Cutt(aq) = Cu(s) + Znt*(aq) K = 2 10°? 
Meg(s) + Cutt(aq) = Cu(s) + Mgt*(aq) kK = 6 xX 109° 
Fe(s) + Cutt(aq) = Cu(s) + Fett (aq) eet 12° 
5.4 Nitrogen and hydrogen react to form ammonia by the reaction 
5No+ 3H ==" N)alee AH = —11.0 keal. 
If a mixture of the three gases were in equilibrium, what would be the effect on the 
amount of NH3 if (a) the mixture were compressed; (b) the temperature were raised ; 
(c) additional He were introduced? 


| 


5.5 Would you expect the equilibrium constant for the reaction 
Io(g) = 21(g) 

to increase or decrease as temperature increases? Why? 
5.6 The equilibrium constants for the following reactions have been measured at 
§23°K: 

CoO(s) + He(g) = Co(s) + H20(g), A = 67; 

CoO(s) + CO(g) = Co(s) + CQa(g), kK = 490; 
From these data, calculate the equilibrium constant of the reaction 

OOo (2) ae ete) = COVe) ae EeOKe) 

at 823°K. 
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5.7 Suggest four ways in which the equilibrium concentration of SOx can be inercased 
in a closed vessel if the only reaction is 


SO2(g) + $00(g) = SOa(g), AH = —23.5 keal. 


5.8 Solid ammonium carbamate, NHsCOgNHa, dissociates completely into ammonia 
and carbon dioxide when it evaporates, as shown by 


NH sCOeNHo(s) = 2NH3(g) + COo(g). 


At 25°C, the total pressure of the gases in equilibrium with the solid is 0.116 atm. 
What is the equilibrium constant of the reaction? If 0.1 atm of COs 1s introduced 
after equilibrium is reached, will the final pressure of COge be greater or less than 
0.1 atm? Will the pressure of NHg increase or decrease? 


5.9 For the reaction 
Ho(g) + Ie(g) = 2HI(g), 


A = 55.3 at 699°K. In a mixture that consists of 0.70 atm of HI and 0.02 atm each 
of H2 and Ig at 699°K, will there be any net reaction? If so, will HI be consumed 
or formed? 


5.10 Hydrogen and iodine react at 699°K according to 


Ho(g) + Io(g) = 2HI. 


If 1.00 mole of H2 and 1.00 mole of Is are placed in a 1.00-liter vessel and allowed to 
react, what weight of hydrogen iodide will be present at equilibrium? At 699°K, 
K = 55.3. 


5.11 At 375°K, the equilibrium constant Kp of the reaction 


SO2Cle(g) = SO2(g) + Clo(g) 


is 2.4 when pressures are expressed in atmosphcres. Assume that 6.7 gm of SOoClo 
are placed into a 1-liter bulb and the temperature is raised to 375°K. What would 
the pressure of SO2Cle be if none of it dissociated? What are the pressures of SOo, 
Clo, and SOeCle at equilibrium? 

5.12 Compute the pressures of SO2Cl2, SO2, and Cle in a I-liter bulb (ate3 (Get) 
to which 6.7 gm of SOeCle and 1.0 atm of Clo (at 375°K) have been added. Use the 
data supplied in Problem 5.11. Compare your answer with that obtained for Problem 
5.11 and decide whether they are consistent with LeChatelier’s principle. 


5.13. The gaseous compound NOBr decomposes according to the reaction 
NOBr(g) = NO(g) + $Bro(g). 


At 350°K, the equilibrium constant K p is equal to 0.15. If 0.50 atm of NOBr, 0.40 atm 
of NO, and 0.20 atm of Brg are mixed at this tempcraturc, will any net reaction occur? 
If so, will Bre be consumed or formed? 


5.14 The equilibrium constant for the reaction 
CO2(g) + He(g) = CO(g) + H20(g) 


is 0.10 at 690°K. What is the equilibrium pressure of cach substance in a mixture 
prepared by mixing 0.50 mole of COg and 0.50 mole of He in a 5-liter flask at 690° K ? 


CHEMICAL EQUILIBRIUM 


5.15 At 1000°K, the pressure of COe in equilibrium with CaCOgz and CaO is equal 
to 3.9 X 107? atm. The equilibrium constant for the reaction 
C(s) + CO2(g) = 2CO(g) 


js 1.9 at the same temperature when pressures are in atmospheres. Solid carbon, CaO, 
and CaCQs3 are mixed and allowed to come to equilibrium at 1000°K in a closed vessel. 
What is the pressure of CO at equilibrium? 





CHAPTER 6 


IONIC EQUILIBRIA 
IN AQUEOUS SOLUTIONS 


Equilibria between ionic species in aqueous solutions deserve special attention 
because of their importance in industrial, analytical, and physiological chemistry. 
The principles used in dealing with problems of ionic equilibria are of course 
the same as those that apply to other situations of chemical equilibrium. Thus 
the study of ionic equilibria offers us a chance to learn general principles while 
studying an important practical application. 

The ability to solve equilibrium problems is a result of a thorough under- 
standing of physical principles and of an intuition that can be aequired only by 
experience. This chapter should be read with a pencil and paper at hand, and 
the steps in each derivation and example should be worked out independently 
of the text. One is not ready to attempt new material until, with the book 
closed, he can work out the section he has just studied. 
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The problem of finding the equilibrium concentration of a slightly soluble salt 
involves one of the simplest applications of the principles of chemical equilibrium. 
Consider the dissolution of solid silver chloride in water, which proceeds by 


AgCl(s) = Agt(aq) + Cl7(aq). (6.1) 


When equilibrium between the pure solid and the solution is reached at 25°C, 
it is found that only 1.67 X 107° mole of silver chloride is dissolved in one liter 


of water. As small as this concentration may seem, it is large enough to be 
important in many laboratory situations. As a result, we are interested in 
finding quantitative expressions telling us what the solubilities of salts such as 
silver chloride are under any conditions. 

According to the general procedure for writing equilibrium constants, for 
Eq. (6.1) we might write 


_ (Ag*]{CI7]_ 
“= TASCIG)I 


But the concentration of a pure solid in a pure solid is a constant, and we can 
immediately simplify our expression by defining a new constant K,, by 


Ky = K(AgCl(s)} 
= [Ag*}[Cl"]. 


That is, we include the fixed concentration of the pure solid in the equilibrium 
constant itself. Consequently, the equilibrium constant for reaction (6.1) is a 
product of ion concentrations. For this reason, K,, for these reactions is often 
called the ion product constant, or simply the solubility product. Three other 
such reactions and their equilibrium constants are 


CaF 2(s) = Catt(aq) + 2F (aq), 


AgoCrO4(s) = 2Ag*(aq) + CrO7 (aq), 
La(OH)3(s) = Lat?(aq) + 30H~(agq), 


Ksp = [Cat ]{F-/, 
Ge aa (Agt]*[(CrOq], 
Key (iLan-|[OH a) 


Table 6.1 Solubility products * 


BaSO4 1.1 « 10~—19 AgeCrO4 1.9 x 10-12 
BaFo eve 1Om0 AgoS ix 10a! 
BaCO3 1.6 x 10-9 Fe(OH)2 1.6 x 10-19 
BaCrO4 8.5 «x 10-11 FeS 1 x 10-19 
CaSO4 ae lon Zn(OH)2 a5 10-17 
Ca3(PO4)o2 1.3 x 10-2? ZnS 4.5 x 10-24 
CaF2 17 <a1Oe1e ZnCO3 25010410 
CaCrO4 7.1 x 10-4 Sn(OH)e2 5 x 10-76 
Mg(OH)2 est ee Ls SnS 8 x 10-29 
PbS 7x 10-29 Cus 4 x 10-38 
PbSO4 lesa 105° Cu(OH)2 1.6 x 10-!9 
PbCO3 1.5 x 10-18 Cu(103)2 1.3 x 107’ 

PbCrO4 2 10-18 Mn(OH)e2 2x 10-13 
Pb(OH)e2 2.8 x 10-16 Mns TSGAOz° 
AgBrOs 52 10-2 Hes 3x 10-3 
AgCl 2.8 x 10-10 Cds 1.4 x 10-28 
AgBr 5.2 x 10-14 Ni(OH)2 16% 10--° 
Agi 8.5 x 10-17 


*From W. M. Latimer, Oxidation Potentials, 2nd ed., New York, Prentice 


Hall, Inc., 1952. 


6.1 


SPARINGLY SOLUBLE SALTS 


206 


These examples demonstrate the practice of not writing any invariable con- 
centrations in the equilibrium-constant expression. Solubility products of a 
few other salts are given in Table 6.1. 


Questions. Suppose the solid phase were impure, as would be the case for a solid solution 
of AgCl and NaCl. Do you expect that the solubility in water of this material would be a 
function of the concentration of AgCl in the solid phase? Would the simple ion product 
constant for AgCl describe the equilibrium adequately? 


Application of the equilibrium constant to the solubility of electrolytes is 
usually limited to cases in which the substances are only slightly soluble. There 
are two principal reasons for this. First, concentrated solutions of electrolytes 
such as saturated potassium chloride are not ideal solutions, and the simple 
equilibrium-constant expressions do not apply rigorously to nonideal solutions. 
Second, in the practical problems of chemical analysis one often takes advantage 
of the difference in the solubilities of two sparingly soluble salts, and therefore 
it is for such substances that information derived from the equilibrium constant 
is of most value. Thus we are in the happy situation of having a theoretical 
framework that applies best to cases that are of most interest. 

There is still another reason for the application of the equilibrium constant 
to the dissolution of slightly soluble salts. Because of the small quantities of 
dissolved materials involved, it is very difficult or impossible to measure directly 
the solubilitics of these substances. However, it is possible to detect minute 
quantities of dissolved ions by mcasurements of the voltages of electrochemical 
cells, as we shall see in Chapter 7. These voltage measurements yield the 
solubility product Ks, of the salt directly, and from this quantity we must be 
able to calculate the salt solubility. Let us assume then that we have been 
provided with the value of the solubility product for silver chloride in water: 


Eee | (Sibel Ce an aati (6.2) 


where the concentration unit is mole per liter. How do we calculate from this 
the solubility of AgCl in pure water? 

Reaction (6.1) shows us that for each mole of silver ion dissolving, we have 
also one mole of chloride ion in solution. There are no other sources of these 
ions, so in Eq. (6.2) we can make the substitution 


[Ag] = [Cl7] in otherwise pure water, 
to get 
[Ag [Cl] = [Agt]? = 2.8 x 1079, 
[Agt] = 17x 107° A. 


This is the concentration of silver ion present when equilibrium between the 
solution and the excess undissolved solid is reached. From the stoichiometry 
of reaction (6.1) we see that it is also the maximum number of moles of silver 
chloride that dissolve in one liter of water, so the solubility of the salt in pure 
water is 1.7 X 107° AY. 
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The calculation of the solubility in pure water of a salt like Cal’, is nearly as 
straightforward. The reaction accompanying dissolution and the corresponding 
solubility product are 


Cal’o(s) = Ca* (aq) + 2¥ (aq), 
Cara |" — kK = 17 x 10729. 


In pure water, the only source of calcium or fluoride ions is the salt itself, and 
the stoichiometry tells us that twice as many fluoride ions dissolve as calcium 
ions. Consequently, we can say that 


[F—~] = 2[Catt] in otherwise pure water, 
and so 
eee |? = 1Ca**|\(2|Ca**])? = 1.7 X 10719, 
ee etc lg XX 10+? 
[Catt] = 3.5 x 1074 A. 


Since one mole of calcium dissolves for each mole of salt, the solubility of 
calcium fluoride in pure water is 3.5 X 107* JV. 

In response to this and similar examples, it is often asked why one of the 
concentrations is doubled and squared. The form of the equilibrium constant 
requires that the concentration of the fluoride ion be squared. The stoichiometry 
requires that the concentration of the calcium ion be doubled 7f 7t 7s substituted 
for the fluoride ton concentration. These two requirements lead to the factor 
(2[Cat*})? in the solution of the problem. 


Question. When silver chromate, AgeCrO4, dissolves in otherwise pure water, what is the 
relation between [Ag+] and [CrO7]? The solubility product of AgeCrO4 is 1.9 x 10—!2, 
Show that its solubility in pure water is 0.78 « 10-* M. 


To see the advantage of knowing the solubility product of a salt, let us cal- 
culate the solubility of silver chloride in a solution that contains 0.1 AJ AgNOs. 
So that we can get a qualitative idea of the answer to expect, let us imagine 
ourselves starting with a saturated solution of AgCl in pure water, and then 
adding enough solid AgNO3 to reach the eventual concentration of 0.1 AZ. 
The addition of Ag* in the form of AgNO3 is a “stress” applied to the silver 
chloride solubility equilibrium, and according to Le Chatelier’s principle, the 
position of this equilibrium must shift so as to relieve the stress. This means 
that as AgNO3 is added, AgCl must tend to precipitate. Therefore we can 
conclude that the solubility of AgCl (as measured by the chloride 1on concen- 
tration) in a solution of 0.1 Af Ag™ is less than in pure water. 

To verify this quantitatively we must calculate the concentration of dissolved 
chloride ion in the solution containing 0.1 AJ AgNQs, and saturated with respect 
to silver chloride. We could calculate the chloride ion concentration from the 
solubility-product expression 
Meas 


mT Tier 
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if we knew the silver ion concentration at equilibrium. For the latter we can 
surely write 


[Agt] = [Agt] (from AgNO) + [Ag*] (from AgCl). 


The second term on the right-hand side is bound to be less than 1.7 x 107° M, 
the concentration of silver ion in a saturated solution of AgCl in pure water, 
according to our argument based on Le Chatelier’s principle. The first term on 
the right-hand side is 0.1 AY, which is much larger than the second term. There- 
fore, to a very good approximation we can write 


[Agt] = 01M 
and consequently 
—10 
a 
[Ag+] 0.1 


(Cl) = 2.3 1ee 


} 


This quantity must be equal to the number of moles of AgCl dissolved in one 
liter of solution, and thus is the solubility of AgC] in 0.1 AJ Agt. We sce that 
in accordance with Le Chatelier’s principle, the solubility is reduced compared 
with that in pure water. Furthermore, since so little silver chloride is dissolved, 
the silver ion concentration contributed by the silver chloride is very much 
less than 0.1 A7, and we were justified in neglecting this source of silver ion in 
comparison with the dissolved AgNQOs. 

As a further illustration of the use of the solubility product and of the mean- 
ing of the word solubility, let us calculate the solubility of Cal’, in: (1) a solution 
of 0.1 AJ Ca(NO3)o; (2) a solution of 0.1 7 Nal’. 

In considering the dissolution of Cal*g in a solution of Ca(NO 3), we cannot 
say that the solubility of Calg is equal to the equilibrium concentration of 
Cat*, for most of the Catt in the solution is contributed not by Cals but by 
Ca(NO3)o. However, we can recognize that Cal’, is the only source of fluoride 
10n in the solution, aud that for each mole of Cal’, that dissolves, 2 moles of F7 
enter the solution. Therefore the solubility of the salt is 


solubility = 3[F 7]. 


Our problem then is to find the fluoride ion concentration that exists at 
equilibrium. 

The cquilibrium-coustant expression shows us that [I°7] may be found if 
[Cat] is known: 


1/2 
(Cat*}[F-? = Ky,  (F7} = ( Asp ) | 





(Cat+] 


For the concentration of ealeijum ion we have 


[Catt] = [Cat*] (from Ca(NOg)2) + (Catt) (froin Cal's). 
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Earlier in this section we found that the calcium ion concentration resulting 
from Cal’, dissolving in pure water is 3.5 X 107* AJ. By Le Chatelier’s principle 
we know that even less Cal. will dissolve in 0.1 AJ Ca(NO3)o, and so the 
calcium ion contributed by Cake in this solution will be even less than 3.5 x 
10-* J. Therefore, we can neglect the concentration of calcium contributed 
by Cak’> compared with 0.1 AZ, and write 


(Cisse ets 


which is a good approximation. Substitution into the solubility-product ex- 


pression 
he 1/2 

| ee 

i= (ey) 
gives 

= =TON 12 

ys (Fe) ~ 4.1 1075, 

and 


solubility = 3[F-] 22 2 x 1075 AV. 


As we expected from Le Chatelier’s principle, the solubility of Cak > is lowered 
by the presence of an excess of one of its ions. In addition, the fact that calcium 
ion coming from Cal*s is only 2 X 107° AI justifies our neglect of this quantity 
compared with the contribution from Ca(NQO3)o. 

Now we consider the solubility of Cals in 0.1 AJ NaF. In this situation we 
ean take the solubility of calcium fluoride to be equal to the concentration of 
calcium ion at equilibrium: 


solubility = [Cat*]. 


As in our previous examples, we can estimate the concentration of the ion in 
excess, and calculate the concentration of the other ion with the solubility 
product. For the fluoride ion concentration we have 


{(F~] = [F7] (from NaF) + [F7] Grom CaF 9). 


The first term on the right-hand side is 0.1 417, and the second must be less than 
7X 107* M, the concentration of F~ in a pure saturated solution of CaF». 
Consequently, we can say 


[h-] = 0.1 M, 


and by the cquilibrium-constant expression, 
Cn ee 


Therefore, the solubility of CaF. in 0.1 WM NaF is 1.7 X 107° W. Once again 
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we can conclude that our decision to neglect the [F~] contributed by Cals in 
comparison with 0.1 AZ was justified, for the actual fluoride 10n concentration 
contributed by Cal's (= 2 < 1.7 x 107° A) is much smaller than 0.1 M. 


Questions. The solubility of AgoCrO4 in pure water is 0.78 * 10-4 M. Will its solubility 
in 0.05 M AgNO3 be greater or less than 0.78 & 10-4 M? Why? Will [Ag+] in the resulting 
solution be greater, less, or approximately equal to 0.05 M? Show that the solubility of 
AgeCrO4 in 0.05 M AgNO3 is 7.6 X 10—-!9 mw. 


These examples have shown how the solubility product can be used to cal- 
culate the solubility of a salt in any solution of one of its ions. They also 
show that in effecting these calculations it is a great help if one is guided by 
Le Chatelier’s principle and by comparisons to other simpler situations. These 
comparisons can lead to very satisfactory approximations that considerably 
simplify the calculations. Finally, 1t 1s most important to use the answer 
obtained to check the validity of any approximations that are made in the 
calculation. 


Selective Precipitation 
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In both qualitative and quantitative chemical analysis, it is often necessary to 
take advantage of differing solubilities to remove only one of several salts from 
solution. Calculations using solubility products can tell us when a separation 
of this type is possible. As a practical example, consider the following. 

A solution contains 0.1 AZ Cl~ and 0.01 AJ CrOyZ. By adding a solution of 
AgNQOs3, we wish to precipitate the chloride ion as AgCl, and leave the chromate 
ion in solution. As we can see from the solubility products 


[Ag ][Cl-] = 2.8 x 107?9, 
[Ag™]?[CrO7] = 1.9 x 107!?, 


both AgCl and AgeCrO, are slightly soluble salts. What will happen when 
Ag™ is added slowly to the original solution? 

To answer we need only recognize the significance of the solubility product: 
it 1s a number which the product of the ion concentrations can never exeeed at 
equilibrium. That is, if the product [Ag™][CI7] is greater than 2.8 x 10719, 
the system is not at equilibrium and precipitation of AgCl must occur. On 
the other hand, the concentration product [Ag*][CI7] can be less than Kgp, 
but only if there is no excess solid present. Therefore, upon adding Ag™ to a 
solution of C17, no precipitation of AgCl will occur until the Ag™ concentration 
becomes high enough so that [Ag*][Cl7] = Kgp. In the case we are considering, 
no precipitation of AgCl will occur until the concentration of Ag™ is 


[eee a0 


cl = i = 28x10" M. 
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By a stmilar argument, no precipitation of AgeCrO, will occur until 


, . —12 


(CrO7z] 0.01 
[Ag™] = 14x 107° M, 


if the concentration of CrOF is 0.01 AT. 

Now we can see what will happen when we add silver ton to a mixture of 
0.1 AJ CI~ and 0.01 AJ CrOZ. No solid will form until the concentration of 
silver ion reaches 2.8 x 107° AJ, at which point the first precipitation of AgCl 
will occur. Further addition of Ag* will cause more precipitation of AgCl, 
but no precipitation of AgeCrO4 will occur until the silver ion concentration 
rises to 1.4 x 107° AL.* 

It is interesting to sec how complete the precipitation of the chloride ion is 
at the time when AgsCrOy, first begins to precipitate. Since [Agt] = 1.4 x 
10~° M at this point, the chloride ion concentration must be 


henmee SX 107: 
Xoo 1.4 < 10-5 





Cr] = = 2D 
From this answer we can conclude that the precipitation of chloride ton is 
essentially complete by the trme AgeCrO, begins to precipitate, for of the 
original chloride material, less than one part in one thousand 1s left in solution. 

The foregomg calculation demonstrates the basis for using CrO]Z as an end- 
point indicator tn the titration of chloride ion by silver ion. The chromate ion 
in aqueous solution is bright yellow, but a precipitate of stlver chromate is 
dark red. As we have seen, the precipitate of AgoCrO,4 appears only after the 
chloride ion has been essentially completely precipitated by the addition of 
Ag™; thus the formation of AgaCrO,4 indicates the endpoint of the precipitation 
titration of the chloride ion. 

As another example of the use of selective precipitation in chemical analysis, 
consider the separation of Znt* and Fet* by controlled precipitation of one of 
their sulfides. The relevant solubility products are 


[ZntT]S=] = 4.5 x 10774, 
[FeTt][S=] = 1x 107?°. 
We can see that ZnS is less soluble than FcS. Therefore it may be possible to 


start with a solution containing both Zn*7T and Fet* at 0.1-A7 concentration, 
and quantitatively precipitate only ZnS, leaving all the Fe*™* in solution. 


* We are assuming that essentially no volume change occurs upon adding solution 
of Ag+, so that the concentration of CrO¥ is constant. This is realizable if the Agt 
solution is sufficiently concentrated. 
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Irom the solubility product of I'eS we can calculate that m order to avoid 
precipitating eS, the sulfide ion concentration must be less than 


Ge Om 
[Fe++]~ O01 
—10°°° ©. 


Se] = 


To be safe, a maximum sulfide ion concentration of 10719 AJ might be em- 
ployed. Does this result in essentially complete precipitation of ZnS? At a 
sulfide concentration of 107!9 A/, the concentration of Zu** remaining in 
solution 1s 

ie Se 

Ba) > Git 

=45 <x 10mm. 





[Zntt] = 


We see that the concentration of zine ion left in solution is only a small 
fraction of the original concentration, and thus it is possible to carry out a 
quautitative separation in this manner. The problem of how to maintain the 
sulfide 1on concentration at the proper value for the separation can also be 
solved by arguments involving equilibrium constants, and we shall treat these 
later in the chapter. 


Questions. Silver ion is added to a solution that contains Cl— and I~ both at 0.01 M 
concentrations. Which salt precipitates first, AgCl or Agl? What is the value of [Ag+] when 
the first salt starts to precipitate? What is the concentration of the anion of the first pre- 
cipitate when the second salt just starts to precipitate? 


6.2 ACIDS AND BASES 


There 1s perhaps no other class of equilibria as important as that involving 
acids and bases. As we continue the study of chemistry, we shall find that the 
classification “acid-base reaction” includes a vast number of chemical changes, 
so that the principles and practical points that we treat in the following sections 
are of very general use. Before attacking the mathematical problems of acid- 
base equilibria, we must devote some time to a discussion of nomenclature and 
classification of acids and bases. 


Arrhenius Theory of Acids and Bases 


2a 


The classification of substances as acids was at first suggested by their sour 
taste (Latin aczdus, sour; acetum, vinegar) and alkalis (Arabic al kali, ashes of a 
plant) were taken as those substances that could reverse or neutralize the action 
of acids. It was thought also that an acid must have, as a necessary constituent, 
the clement oxygen (Greek oxus, sour; gennae, I produce), but in 1810 Davy 
demonstrated that hydrochloric acid contained only hydrogen and chlorine. 
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Shortly thereafter the view was taken that all acids had hydrogen as an essential 
constituent. 

An explanation of why acids had differing strengths was one of the important 
results of the Arrhenius ionic dissociation theory, developed between 1880 and 
1890. The chemical activity and electrical conductivity of solutions of acids 
were taken to be consequences of their reversible dissociation into ions, one of 
which was H*: 

HCl = H*+Cl-, 
eHeCOOH — €H.C005- A. 


The fact that different acids had different strengths was explained as a result 
of a variation in the degree of dissociation. 

A similar scheme applied to the behavior of bases, which were all thought to 
produce the hydroxyl ton in solution: 


NaOQH(s) = Na*(aq) + OH (aq), 
Mg(OH)2(s) = Mgt (aq) + 20H (aq). 


Thus the proton was responsible for acidic properties, and the hydroxyl ion 
was responsible for basic properties. 

While this pomt of view was a considerable advance in chemical theory, it 
led to certain difficulties. The first of these concerned the nature of the proton 
in aqueous solution, and the second had to do with the fact that substances 
which did not contain hydroxyl ion were capable of acting as bases. Let us 
examine these difficulties in turn. 

It is generally accepted that one of the reasons water 1s so excellent a solvent 
for ionic compounds is that ions in aqueous solution are stabilized by their 
strong attraction to the water molecule. This attraction 1s particularly strong 
because of the asymmetry of the charge distribution in the water molecule. 
Each ion in aqueous solution is hydrated, or strongly attached to a number of 
water molecules, generally estimated to be between 4 and 6. The proton is 
unique among ions in that it has no electrons. Consequently the radius of H* 
is just the nuclear radius, 1071? em, which is considerably smaller than 107° cm, 
the approximate radius of other ions. Therefore the proton should be able to 
approach and incorporate itself in the electronic system of a solvent molecule 
to a degree exceeding any other ton. In other words, if ordinary ions are hy- 
drated, the proton should be even more intimately bound to the solvent, and 
it is not legitimate to think of acid dissociation as producing “free” protons. 

There is considerable experimental evidence that the hydrated proton H307, 
or the hydronium ion, is particularly stable. The hydronium ion is known to 
exist in electrical discharges through water vapor, and H30* has been definitely 
identified as a distinct species in several crystals. In particular, the crystal of 
hydrated perchloric acid, sometimes denoted as HClO,- HO, really consists 
of H30* and ClO7. Such data suggests that we might take the “true” form of 
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H™ in aqueous solution to be H307. But even this may be an oversimplification. 
The H307 species is very probably further hydrated, and there is considerable 
evidence that indicates three additional water molecules are rather firmly 
attached to it to form HjOf. While we are not sure of the exact state of Ht 
in aqueous solution, we feel sure it 1s not a free proton. To emphasize the 
hydration of the proton, we shall represent it in this chapter by H30*(aq), 
which indicates H30* with an undetermined number of water molecules at- 
tached to it. This notation has a disadvantage, however, because it tends to 
clutter chemical equations with “extra” molecules of water. Therefore in sub- 
sequent chapters we shall find it helpful to abandon the H307* notation and 
use simply H*(aq) to represent the aqueous proton. 

The impact this argument has on the acid-base problem is the following. 
If the proton exists as hydrated H307, it is not entirely accurate to think of a 
dissociation as represented by 


HG) ia Cla 


A more realistic view is to think of acid “dissociation” as a transfer of a proton 
from the acid to the solvent: 


HCl + H,O = H30*(aq) + Cl-(aq). 


This in turn suggests that an acid is not necessarily a substance that dissociates 
to a proton, but rather is a molecule that is capable of transferring or donating 
a proton to another molecule. This is a fruitful concept, as we shall sée. 

The second difficulty with the Arrhenius picture of acids and bases is that it 
suggests all basic properties are due to the hydroxide ion. However, there are 
substances that do not contain the hydroxide ion but can still neutralize acids. 
lor example, in pure liquid ammonia the reaction 


HCl(g) + NH,(l) = NAT + Ci- 


proceeds readily, and thus we can look upon ammonia as a base, since it reacts 
with a known acid, HCl. When sodium carbonate, NagCQsz, is dissolved in 
water a solution that will neutralize acids results. Sodium carbonate cannot by 
itself dissociate directly to product a hydroxide ion, but its reactions suggest 
that nevertheless it must be a base. It appears then that a broader view of 
acids and bases than is afforded by the Arrhenius theory is necessary. 
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The considerations we have Just outlined led in 1923 to a more powerful and 
general concept of acids and bases, called the Lowry-Brgnsted definition: An 
acid 1s a species having a tendency to lose or to donate a proton, and a base is 
a species having the tendency to accept or add a proton. Accordingly the 
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ionization of HCl is pictured as HCl donating a proton (acting as an acid) to 
water (acting as a base). 


HCl(aq) + H,0 = H30T(aq) + Cl (aq) 
acid base 


This reaction is reversible, for Cl~ may accept a proton from H307 and become 
HCl(aq). Therefore, the chloride ion must also be a base, and H30* must also 
be an acid. Since HCl and C17 differ only by a proton, they are called a conjugate 
acid-base pair. Likewise, H30* and H2O are a conjugate acid-base pair. To 
demonstrate this idea we can rewrite our reaction as 


HCl + H,.O = H;30T+4+ Cl, 
acid 1 + base 2 = acid 2 + base 1, 


where the numbers indicate the conjugate pairs. The behavior of carbonate ton 
as a base can be represented by 


CO, + HO = HCO; + OH’, 
base 1+ acid 2 = acid 1 + base 2. 


The Lowry-Brgnsted definition extends the terms acid and base to include 
substances besides H* and OH™7 with the resulting advantage that a large 
number of reactions can be discussed in the same language and treated mathe- 
matically by the same methods. 


Strength of Acids and Bases 


The Lowry-Brgnsted definition suggests that a strong acid has a large tendency 
to transfer a proton to another molecule, and that a strong base is one with a 
large affinity for protons. We might then measure acid strength quantitatively 
by the degree to which reactants are converted to products in a reaction such as 


HcOp at, Os=—H.02-- SOz, 
acid 1 + base 2 = acid 2 + base 1. 


However, a little reflection shows that the extent to which this reaction proceeds 
to products is governed not only by the tendency of acid 1 to lose a proton, 
but by the tendency of basc 2 to accept that proton. If the degree of proton 
transfer depends on the properties of both acid 1 and base 2, it is clear that the 
only valid way we can compare the strengths of individual acids is by measuring 
their tendencies to transfer a proton to the same basc. By testing the ability 
of various acids to transfer a proton to watcr, we can rank them in order of their 
acid strength. The quantitative measure of acid strength is the acid dissociation 
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Table 6.2 Dissociation constants of acids 





Acid Reaction K(25 ©) 
Acetic acid CH3COOH + H20 = H30+ + CH3COO- 1.8 <x 10%5 
Formic acid HCOOH + H20 = H30+ + HCOO- Lo 10e 
Hydrogen cyanide HCN + H20 = H30+ + CN- 4.8 x 10-10 
Hydrogen sulfate ion HSOz + H20 = H30+ + SOF 1.2 x 10- 
Hydrofluoric acid HF + H20 = H30+ + F- 6.8 x 10-4 
Nitrous acid HNO2 + H20 = H30+ + NO> 4-5 10m 
Chloracetic acid CH CICOOH + H20 = H30++CH.CICOO-— 1.4 x 10-3 
Carbonic acid CO. + 2H20 = H3,0+ + HCO 4.2% 10-" 
Bicarbonate ion HCOz + H20 = H30+ 4+ COF 4.8+ 1071! 
Hydrogen sulfide HeS + H90 = H30+ + HS- Lions 
Hydrogen sulfide ion HS~ + H20 = H30+ 4+ S= ix 10714 
Phosphoric acid H3P04 + H2O0 = H30+ + HePOF 71 Ce. 
Dihydrogen phosphate ion HoPOz + HO = H30+ + HPOF 6.2 x 10-8 
Hydrogen phosphate ion HPOF + H2O = H30+ + POZ3 1 x 10-!2 





constant: that is, the equilibrium constant for the reaction 


— H.O+-+ AW aan 0 eae 
HA+H,O=H,0t+A-, K= HHA} 


Table 6.2 contains the dissociation constants of several common acids. 

Finally, we note that there is a relation between the strength of an acid and 
its conjugate base. For example, we say that because HCl has a large tendency 
to lose a proton, it is a strong acid. But it must also be true that its conjugate 
base, chloride 10n, has only a very small tendency to acquire a proton, and is 
therefore a weak base. Further reflection shows that in general if an acid is a 
strong acid, its conjugate base is a weak base, and vice versa. 
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Another general definition of acids and bases was proposed in 1923 by G. N. 
Lewis. According to Lewis, an acid is any substance that can accept electrons, 
and a base is a substance that can donate electrons. Two examples of such 
acid-base reactions are 

BFs -+ F7- = BF, 

acid base 


Agt + 2CN7 = Ag(CN).. 
acid base 


We see that the Lewis definition extends the acid-base concept to reactions in 
which protons are not involved. 


IONIC EQUILIBRIA IN AQUEOUS SOLUTIONS 6.2 


It is clear that since Lowry-Brgnsted bases react by donating electrons to a 
proton, a Brgnsted base is also a Lewis base. However, a Brgnsted acid must 
have a proton available for transfer to another molecule, whereas this is not 
required by the Lewis definition. In this chapter we are primarily concerned 
with aqueous solutions in which acid-base phenomena involve proton transfer, 
and so the Lowry-Brgnsted definitions are of most use to us. In other systems 
where protonic materials are not involved, the Lewis definition is more valuable, 
and we shall explore this concept in our subsequent discussions of descriptive 
chemistry. 


6.3 NUMERICAL PROBLEMS 


We have noted that the equilibrium constant for acid dissociation can be used 
as a quantitative mdication of acid strength. In this section we shall be con- 
cerned with the details of the calculation of hydrogen ion concentration using 
acid and base ionization constants. First we must examine two conventions: 
one having to do with how ionization-constant expressions are written, the 
other with how small concentrations are expressed. 

We have emphasized that the acid properties of, for example, HSO, are due 
to the proton transfer reaction 


HSO; + H.O = H30* + SOF. 
Strictly, the equilibrium constant for this reaction should be written 


[H30*][SO7] | 
[HSO7][H20] 


K’ = 


However, virtually all the solutions that concern us are dilute and therefore 
the concentration of water (~55.5 AJ) is always larger than the concentration 
of the solute. Hence the concentration of water in such solutions can be con- 
sidered to be constant, and the usual convention of including constant con- 
centrations in the equilibrium constant itself is followed. Accordingly, acid 
1onization constants are commonly written as 


=- = 
K[H.0]=K = [H30*][504] | 
([HSO 7] 
and for the reaction 


NH; + H.O = NH? + OH, 
, _ [NH7][OH7] 
—  - [NHsg] 


Sd 
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The pH Scale 


Because the solutions with which we deal most commonly are dilute, the con- 
centration of hydrogen ion in them is often quite small. As a result, hydrogen 
ion concentrations in moles per liter are often expressed as negative powers 
of 10. For example, the hydrogen ion concentration in a saturated solution of 
CO, is 1.3 x 1074 M, and in a 0.5 Af solution of acetic acid it is 3 X 107° AY. 
To achieve compactness of notation and brevity of expression it 1s convenient 
to give these concentrations in terms of their negative logarithms. Thus we 
define pH as 


pH = — log [H3;07}. 


For example, in a saturated solution of CO,, [H307*] = 1.3 x 107* M, and the 
pH is given by 


pH = — log [H3;07] = — log [1.3 X 107*] 
— — (log 1.3 + log 10~*) 
= — (0.11 — 4) 
—— etter 


Conversely, a solution that has a pH of 4.5 must have [H307] = 3.2 x 107°, 
as we can see by 
4.5 = — log [H3;0*], 
—4.5 = (0.5 — 5) = log [H,07], 
10° x 107-5 = [H;07}], 
3.2 x 10~° = [H;07)}. 


The use of negative logarithms for the expression of concentration 1s not 
restricted only to hydrogen ion. For example, pOH is the negative logarithm 
of the hydroxide ion concentration, and pAg is similarly related to the concen- 
tration of silver ion. It is also common to express equilibrium constants as 
their negative logarithms, and denote such quantities by pK. 
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We have seen that water can act as either an acid or a base, so 1t 1s not surprising 
that the reaction 


H.O + H,O — H.07 OH” (6.3) 


acid 1 ~—ibase 2 acid 2. ~base l 


proceeds to a small but easily measurable extent in pure water. Following the 
convention of not writing constant concentrations explicitly, we obtain 


[H-O eH |= K, (6.4) 
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for the equilibrium-constant expression. The quantity K, is called the ion 
product constant for water, and has the value 107!* at 25°C, when concentra- 
tions are expressed in moles per liter. 

A solution that is neither acidic nor basic has, by definition, equal concen- 
trations of H307 and OH~. Thus if 


(H3;0T] = (OH7] and [H3,07*]0OH-]} = 107'4, 
we obtain 
(H;07*] = [OH] = 1077 M 


for the concentrations of H30* and OH™ in a “neutral” solution at 25°C. 
Alternatively, we can say that for a neutral solution, 


Eee pO — 7 
Irom the ion product constant expression we can also write, in general, 
pil ——-pOH = pk ,;= 14 


at 25°C. Thus the pOH can be obtained by subtracting the pH from 14. 

The self-ionization of water always contributes to the hydrogen ion and 
hydroxide ion concentration in a solution, but this is only rarely a complicating 
factor in calculating the hydrogen ion concentration in solutions of acids and 
bases. Consider, for example, the problem of calculating the H307 concentra- 
tion in a solution prepared by dissolving 0.1 mole of HCl in enough water to 
make one liter of solution. IT or simplicity, we will assume that HCl is totally 
dissociated to its ions. Is the concentration of H307* equal to 0.1 47? Perhaps 
not, because the self-ionization of water will also contribute to the H307* 
concentration. 

It is not difficult to become convinced that the H307 contributed by the 
ionization of water is of no importance in this case. In pure water, the con- 
centration of H307 is 1077 A/, as we have noted previously. If H307 in the 
form of HCl is added to pure water, the self-ionization of water 1s subjected to 
a “stress,” and the system must react in a manner that minimizes this stress, 
according to Le Chatelier’s principle. This means that as H307 is added, the 
self-ionization of water must diminish, and that the H307 contributed by the 
self-ionization of water must become less than 107’ M. Therefore, in a 0.1 A/ 
solution of HCl, the concentration of H307 is 0.1 AZ, because the “extra” 
amount contributed by the self-ionization of water is bound to be less than 
le? AP. 

Now that we have established that the concentration of H3;0T in a 0.1 AZ 
HCl solution is 0.1 AZ, we can calculate the equilibrium concentration of OH 
in the same solution. At equilibrium, the H30* and OH™ concentrations always 
obey Eq. (6.4): 

[A200 [Obata 107 **. (6.4) 
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Since [H30*] = 0.1 AJ, 


10a Or 


_ = — 10-13; 
= 0 = ocr = 10 


Obs 


We see that in an acidic solution the concentration H30* is greater, and the 
concentration of OH™ less, than in pure water. 

The calculation of the OH™ concentration ean be used to further justify our 
assumption that the contribution of the self-ionization of water to the H3;07 
concentration is negligible. The only source of OH™ in this solution is the self- 
ionization of water, and by the stoichiometry of reaction (6.3), one H307 is 
contributed for each OH~. Therefore, the [H30*] contributed by the self- 
ionization of water is equal to [OH7], which we have seen to be 107! AV. 
There is no question then that the contribution of the self-ronization of water 
to the H3O07T concentration is completely negligible. 

While we have used a solution of a strong acid as our example, it is clear that 
similar arguments can be applied to a solution of a strong base. In a 0.01 Al 
solution of NaOH, the contribution of the self-ionization of water to the con- 
centration of OH7 is negligible, because it must be less than 107? AZ. Thus in 
this solution 

[OH | = 0.01 M, 
Gy 


(307) = OA 








These arguments concerning the importance of either the H30* or OH 
contributed by water relative to the H307 or OH™ contributed by a dissolved 
acid or base are very important, for they are used repeatedly to simplify eal- 
culations dealing with weak acids and bases. Briefly, we can say that if a dis- 
solved acid itself contributes a concentration of Hz07* equal to or greater than 
10—° AJ, the contribution of water to the total H307 concentration is negligible. 
A similar statement can be made about bases and the OH™ concentration. 


Weak Acids and Bases 
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Now let us attack the problem of calculating the concentration of H30* in a 
pure aqueous solution of a weak acid. Acetic acid is a common laboratory 
reagent, and is often taken as a “typical” weak acid. The equiltbrium we deal 
with then is 


CH3:COOH + H.O = H;0T + CH3COO -. 


Let us abbreviate the formulas for acetic acid and the acetate ion to HOAc 
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and OAc’, respectively. Then the equilibrium constant for the ionization is 


[H3;07][OAc_] 
[HOAc] 





= K = 1.85 x 107°. (6.5) 


The magnitude of this equilibrium constant lies roughly in the middle of the 
range of values that apply to weak acids, and this is the reason acetie acid is 
considered a typical weak aeid. 

Suppose we have a solution made up by adding Cg moles of pure acetic acid 
to cnough water to make one liter of solution. Some of this acid will dissociate 
to H30* and OAc”, leaving behind an unknown concentration of undissociated 
acid. Our problem is to calculate the cquilibrium concentrations of H307, 
OAc”, and HOAc by usmg the ionization-constant expression, Eq. (6.5). To 
do this we must take an cquation in three unknowns, and convert it to an 
cquation in one unknown. 

The method we shall use is an mtuitive approximate procedure. First, 
recognize that there are two sources of H3,O7: the ionization of the acid, and 
the self-ionization of water. But our experience ts that the latter source is often 
unimportant compared with the former, at least when we deal with solutions of 
strong acids. As a trial procedure then, let us assume that all the H307 in 
solution comes from the ionization of the acid. As an immediate consequence, 
the stoichiometry of the ionization reaction tells us that 


20) *) = (Oke, (6.6) 


since the only source of either of these ions is a reaction which produces them 
in equal amounts. 

Equation (6.6) allows us to convert Eq. (6.5) into an equation in two un- 
knowns. To complete the solution, one more relation is necessary. To obtain 
it, we recognize that the 1onization equilibrium constant is small, and that 
consequently very little H307% and OAc™ can exist in equilibrium with undis- 
sociated HOAc. This suggests that to a good approximation, the equilibrium 
concentration of HOAc is the same as Co, the concentration that would be 
present 7f no HOAc dissociated. Therefore as our second assumption we have 


[HOAc] = Co. (6.7) 


Now let us calculate [H307] for three different values of Co, and see whether 
our assumptions are justified in typical situations. First we choose Co = 1 AV. 
Then Eqs. (6.5), (6.6), and (6.7) give us 


ie [H30*}OAcT] — [H30*)° 
— WHOS] ~~ ~Cy 
{H307] = (Chee — (1 x 1.85 x im) 


I? 


43x 107° Ww 
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This answer 1s not exaet, because we made two approximations In deriving It. 
However, we ean use this approximate answer to cheek to see 1f our assumptions 
were Justified. 

Our first assumption was that the H307* contributed by the ionization of 
water was negligible compared with that derived from the aeid. The coneen- 
tration of H3;0* from the ionization of water eannot be greater than 1077 JJ, 
and this is much smaller than 4.2 xX 107° A/, so our first assumption and the 
approximation that [H3;0T] = [OAe7] are justified. 

Our seeond assumption was that very little of the HOAc dissociated, so that 
Co & [HOAe]. Strictly, however, the eoneentration of HOAe at equilibrium is 
given by 

[HOAc] ="C5 — |OAc= | — Ci - | H-04) 


But Co = 1M, and [H3;07*] ~ 4.3 x 107°. Therefore, our second assumption 
is Justified and the approximation that Co <~~ [HOAe] is accurate to better than 
one pereent. 

Now let us try out our approximations in the situation where Cp = 0.01 A, 
a rather dilute solution of acetie aeid. Onee again, assuming that 


[H307] = [OAc7], 
Cy = [HOAe] = 0.01 I, 


elle L 
[H30*][0Ac7] — [H30*)? _ , 
[HOAc] ee ak, 
[H307] = (C.K) = (10 & 1.85 x Gm 
Te WL 


Now we must eheck the validity of our assumptions. As we have argued 
before, the eoneentration of H307 eontributed by the self-ionization of water 
is less than 107’ AY, and this is eonsiderably smaller than 4.3 X 1074 AI. 
Therefore, our assumption that [H30*] = [OAc7] is justified. 

The validity of the second assumption depends on the eoneentration of 
H307T being mueh less than Co, for only then ean we say that Co & [HOAe]. 
But we see that [H307] is as large as 4% of Co, and therefore there is some 
question as to whether we were justified in assuming that [HOAe] = 0.01 A/. 
However, while we have made an error of about 4% in the eoneentration of 
HOAc, the resulting error in the eoneentration of H307 is less than this beeause 
the coneentration of H3z0* depends only on the square root of the HOAe con- 
centration. Iurthermore, in praetieal laboratory situations we are rarely 
interested in knowimg the eoneentration of H30* to better than a few pereent, 
so our seeond assumption Is satisfactory in this case, 1f only marginally. 

Our experienee now suggests that if we try to ealeulate [H307*] for a solution 
of aeetie aeid in whieh Co = 0.001 AV, at least one of our simplifying assump- 
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tions will break down. Let us see how serious the failure is, and what can be 
done about it. We assume that [H30*] = [OAc7] and [HOAc] = Cy = 107? AV, 
and find 
Or — (CoB > = (1.85 x 107° x 1073)1/? 
= 1.36 x 107-* AY. 


Now there is no question that the first assumption 1s justified, but our answer 
shows that [H30*] is not small compared with Co, so the assumption that 


[HOAc] = Co — [H307] = Co 


is not justified. The error in the HOAc concentration ts greater than 10%, and 
the resulting error in the H307* concentration is several percent. 
There are two ways by which we can avoid this difficulty. One is to use the 
accurate relation 
[HOAc] = Cy — [H307], 
Co = 10° M 


in the equilibrium constant, along with [H3;07*] = [OAc7]. This gives us 


[H30T][OAc7] - [H30*]° 


[HOAc| TCR ERC 9 4, 


which is a quadratic equation in [H307]. Let us rearrange it to 
[H,;0*]* + K[H3;07] — Cok = 0, 
and solve it by the quadratic formula 


—K + VK? + 4KCo 


5 (6.8) 


[H3;07] = 
Inserting the values for A and Co gives 
[H3,07] = 1.27 * 107* A. 


We see that this answer is nearly 7% less than our approximate answer. 

Irom Eq. (6.8) we can deduce the condition for the validity of our approxi- 
mate expression for [H,0*]. If, in Eq. (6.8), K «Co, then K? K 4KCo, in 
which case we have 


_K + VK? 44KC, un 
RG {jee Se ; a : + VKCo, 


and soif K «< Co, we can further simplify to 


[H307] = VKCo, 
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which is our approximate expression for [H307]. We see then that in order for 
this approximation to be valid, the aeid must be weak (A small) and fairly 
coneentrated (Co large). 

The second way to handle problems in which the simplifying assumptions 
prove inaeeurate is to proceed by suecessive approximations to the eorrect 
answer. In our present example, our guess that [HOAe] = Co proved in- 
aeeurate. Let us use the approximate value of H30* that we found at first to 
improve our guess of the HOAe coneentration. We have 


[HOAc] = Co —T [Heo 


and [H307] & 1.36 x 107*. <A second, or refined, approximation to [HOAc] 
would be 
[HOAc] & Co — 1.86 X 1057 = 8:64 X 10 ae 


Inserting this into the equilibrium eonstant gives 


[H,0*]° — ~ —5 
S64 x 10-8 SP IO: 


[H,07) alee 0m 





This second approximation to the H307* coneentration is nearly the same as 
the “exact” value obtained from the solution of the quadratic equation. If we 
did not know the aceurate answer to the problem, we eould cheek the validity 
of this second approximation by using it to further refine our guess of [HOAc], 
and repeating the calculation. If two sueeessive answers differ neghgibly, the 
final approximation is satisfaetory. 

Question. Use this second approximation of [H30*] = 1.26 x 10-4 to obtain a third 


approximation for [H30*]. What do you conclude from a comparison of the results of 
the second and third approximations? 


It might seem that the sueeessive approximation method is inferior to the 
exact solution via the quadratic equation. Actually, the successive approxima- 
tion procedure is the more useful approach, since it is algebraically and arith- 
metically simpler, and ean be applied to situations in which the exact approach 
would require the solution of a eubic or quartic equation. 

To find the hydroxide ion eoncentration in a pure solution of a weak base, 
we make use of approximations very similar to those we have Just diseussed. 
The substance methyl amine is a weak base, capable of accepting a proton from 
water by the reaetion 


CH3,NH,. + H.O = CH3NH; + OH™. 
The corresponding equilibrium constant 1s 


[CHsNH3][0H ] 


a ee cA 
(CH, N Ho] —tie— 7.) < 109 : 
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What is the equilibrrum eoneentration of hydroxide ion in a solution prepared 
by adding 0.1 mole of CH3NH. to enough water to make one liter of solution? 

To reduce the problem to one unknown, we make two assumptions. The 
first is that the eoncentration of OH™ contributed by the ionization of water is 
negligible eompared with that eontributed by the base. Therefore, by the 
stoichiometry of the ionization reaction 


[CH;NH?] = [OH]. 


The second assumption is that most of the CH3NH», remains as sueh, since the 
equilibrium constant for its conversion to CH3NH#@ is small. Therefore, to a 
good approximation 


(CHeNH.| = 0.1 — |CH,NH2| = 0.1 &. 


Note earefully that these assumptions and approximations are exaetly analogous 
to those made in the treatment of weak acid ionization. Usmg our two approxi- 
mations and the equilibrium eonstant, we obtain an equation for [OH7 ]: 


_ (CH3NH3][OH-] [OH7]° 
PeCH.NHo|. — 0.1 
[(OH~] = 7.1 x 107° M. 


K = 5.0 x 107%, 


To justify our assumptions we note that 7 X 107° AJ is mueh greater than 
10-‘ AY, whieh is the maximum OH7™ coneentration ever eontributed by the 
self-ionization of water. The seeond assumption, that 


[(CH3NHg] — O.1 M, 
requires that 
[(OH~] = [(CH3;NH?] « 0.1 MW, 


which is satisfied, but rather marginally. The validity of the second assumption 
depends on K being small and the eoneentration of the base being fairly large. 
A second approximation to [OH] ean be obtained by saying 


[CH,NH.] & 0.1 — 7.1 X 107° = 9.29 x 10°-* M, 
and 
[(OH7]’ 
9.29 x 10-? 
[OH] = 6.8 X 107° AY. 


= 5.0 x 107*, 


This answer differs only slightly from our first result, and therefore is a sufherent 
approximation for most purposes. 

In this section we have diseussed specific examples of aeid-base equilibria to 
illustrate the general method by which similar problems can be solved. We have 
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avoided and will continue to avoid supplying general mathematical formulas 
which give an answer in one step. The reason for this 1s that any szmple for- 
mula we might give would necessarily be approximate and might fail to apply 
in a given situation. The only way to be sure that an expression 1s appropriate 
for a given problem is to derive it following the procedures we have illustrated, 
taking full account of the chemical and physical peculiarities of the problem. 
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Hydrolysis is an aspect of acid-base equilibrium that traditionally is treated as 
a separate, distinct phenomenon, but in fact it requires no concepts beyond 
those we have already discussed. We have remarked that a weak acid and its 
anion are a conjugate acid-base pair, and that if an acid is weak, its conjugate 
base tends to be strong. For example, acetie acid is a moderately weak acid, 
so acetate ion is a moderately strong base, and will acquire protons in aqueous 
solution by the reaction 


OAc” + H.oO = HOAc-+ OH. (6.9) 


This reaction represents the hydrolysis of the acetate ion, but we can see 
that it is nothing more than the “ionization” of a weak base. Therefore it should 
be possible to calculate the hydroxide ion concentration in a pure solution of 
NaQOdAc in the same way that we calculated [OH7]1in a pure solution of CH3N He. 

There is one additional matter which must be dealt with. The equilibrium 
constant for reaction (6.9) is 


{[HOAc]OH™] _ ,, 
=e hone (6.10) 


where K,, is called the hydrolysis constant. Hydrolysis constants are not 
often tabulated, because they ean be evaluated easily from the 1onization 
constants of the corresponding acid. ‘To do this, we multiply Eq. (6.10) by 
[H307]/[H307] to get 


[HOAcHOH [1307] _ ¢ 
[(OAc][H,0+7 


In the numerator we recognize that the product [OH ~][H307] is equal to Ky, 
the ion product constant for water. This gives us 


[HOACIKw 
(H30t][OAc—] — al 


and it is now easy to see that the remaining factors are equal to the reciprocal 
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of the ionization constant for acetie acid. That is, 


— —«-;,,-—D) 


(H,0+][OAc-] Kz 





sO 
he . (6.11) 
Wome 
1.85 x 10-5 
= 54x 107". 


Equation (6.11) is of general validity. It shows that the weaker the aeid, 
the smaller A, and the more extensively hydrolyzed is the anion. In other 
words, it is a quantitative demonstration that the weaker the acid, the stronger 
is its conjugate base, and vice versa. 

Now we can proceed with calculation of the hydroxide ion concentration in 
a solution prepared by dissolving one mole of sodium acetate in enough water 
to make one liter of solution. Our method, which by now should be familiar, 
is to neglect the [OH] contributed by the self-ionization of water and thereby 
obtain 

[OH] = [HOAc] 


from the stoichiometry of the hydrolysis reaction. Furthermore, we recognize 
that acetate 1on is a Weak base, so that most of it will remain as the ion, which 


Means 
(OAc |] = 1.0 Af. 


Substituting these relations into the hydrolysis-constant expression results in 


(OH7]? 
1.0 
[OH] & 2.3 < 100° Wr 


Sahm 


This hydroxide ion concentration is sufficiently large for our first assumption 
to be valid, but sufficiently small for our second assumption to hold, as the 
reader should demonstrate for himself. 

The salts of weak bases are themselves weak acids. For instance, ammonia 
is a Weak base, as we can see from 


NH; + H.O = NH? + OH’, 


[NH7][OH7] 


(NH, = hp aio 107. 


As a result, its salts such as NH,Cl will act as weak acids, or be hydrolyzed 
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according to the formula 


NH? + H.0 = 20° GAGs. 
The corresponding hydrolysis constant is 


[H,0*].NHs) _ 


i Kp. 
[NH] 





It can be evaluated numerically by multiplying by [OH~]/[OH7] to give 


(OH ][NHq] 


in which we recognize factors equal to A, and 1/AKy. Thus 


er 
1G —" : 
Ke 


(6.12) 


Equation (6.12) is the general form that relates the ionization constant of a 
weak base to the hydrolysis constant of its salt. If the base is weak, K, tends 
to be large, and the salt tends to be a moderately strong acid, and vice versa. 

Now we shall find the concentration of H30* in equilibrium with a pure 
solution of NH4Cl whose chloride ion concentration 1s 0.1 A7. We have 


T a q 
INHs[Hs0"] _ ¢ _ Aw _ 56 y 19710. 


[NH] © KS 


Most of the ammonium ion will remain unchanged, so that [NH?] & 0.1 JV. 
Also, most of the H30+ comes from the hydrolysis reaction, so [NH 3] & [H307]. 
As a result 


(H307T]? 


0.1 
[H;07] 


HI 


5.6 X107)°, 


OO: A 


I 


The reader should verify that the approximations are justified. 
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So far we have treated only solutions containing a pure weak acid or a pure 
weak base. In this section, we shall find how to calculate the equilibrium con- 
centrations for solutions which contain a mixture of a weak acid and tts salt, 
or a weak base and its salt. The arguments we use are only slight extensions of 
what we have learned in the two previous sections. 
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Let us calculate the concentration of H30~ in a solution prepared by mixing 
0.70 mole of acetic acid, and 0.60 mole of sodium acetate with enough water 
to make one liter of solution. The ionization constant of acetic acid, 


aa — 
(Hs0*1OACT] 95 5 19-8 





[HOAe| 
can be arranged to give 
[H307] = Ohad Sokso cle, (6.13) 


and it is clear that in order to calculate [H307], we must obtain values for 
[(OAc™] and [HOAc]. 

Of the original 0.70 mole of acetic acid added to the solution, some might be 
lost by dissociation into 1ons. However, we have argued earlier that acetic 
acid is a weak acid, and when it is dissolved in pure water, an overwhelming 
fraction of it remains undissociated. Will this be true when we dissolve it in a 
solution that already has a large amount of acetate ion in it? Le Chatelier’s 
principle assures us that the added acetate 10n will repress the dissociation of 
the acid by the common ion effect. Therefore, if it is Justified to neglect the loss 
of acetic acid by dissociation in its pure solution, it 1s even more Justified to 
assume that it is very slightly dissociated in a solution contaming excess ace- 
tate lon. 

Our argument suggests that we can assume [HOAc] = 0.70 AJ. However, 
there is one more point to be examined. Acetic acid can be produced by the 
hydrolysis of the excess acetate 1on: 


OAcs — HO = HOAc+ OH 


and this suggests that the concentration of HOAc might be greater than 0.70 AT. 
However, we have investigated the hydrolysis of pure 1 A/ sodium acetate, and 
found that very little HOAc (~ 107° AZ) is produced. In a solution that 
already contains acetic acid, the hydrolysis will be repressed, and its contri- 
bution to the HOAe concentration will be negligible. Therefore we can conclude 
that since the amount of acetic acid added to the solution ts fairly large, the amounts 
lost by dissociation or gained by hydrolysis must be comparatively small, 
and we can set the concentration of HOAc equal to 0.70 AZ to a very good 
approximation. 

To obtain a satisfactory approximation for the acetate ion concentration we 
first note that its concentration will be fairly large, since sodium acetate 1s 
totally dissociated into ions. The loss of acetate ion by hydrolysis 1s small even 
in a pure solution of sodium acetate, and is bound to be smaller in a solution 
where excess acetic acid represses the hydrolysis. The gain of acetate ion from 
the dissociation of acetic acid is also very small, by a similar argument. Con- 
sequently we can set the acetate ion concentration equal to 0.60 AZ. 
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With satisfactory, 1f approximate, values for [HOAc] and [(OAc7] at hand, 
we can write 
+) _ LHOAc] ; —5 _ 9.70 ; =o 
fish. 6 25) e— (OAc—] el lrcis)  <0— 0.60 1.85 10 


— 22x10-° M. 





Thus the concentration of H30~ is lower than in a pure solution of acetic acid 
at a comparable concentration. This result is consistent with Le Chatelier’s 
principle, which predicts that the addition of excess acetate ion to a solution of 
acetic acid will repress the dissociation of the acid, and lower the concentration 
of Hore 

Re-examination of the arguments that led to the solution of this problem 
wil show that the approximations we used require that both the acid and its 
anion be present in substantial concentrations. Therefore, it 1s safe to use the 
procedure we have outlined only if the ratio of the acid to salt concentration 
lies between 0.1 and 10, and the absolute concentration of the aeid is numerically 
much greater than its dissociation constant. 

A solution that contains appreciable amounts of both a weak acid and its 
salt is called a buffer solution, and has remarkable and useful properties. Buffer 
solutions can be diluted without changing the concentration of H30%. The 
general expression for {[H307], of which Eq. (6.13) is a special ease, is 


fia [eles 

bees fanion] —° 

The concentration of H307 depends only on K, and the ratio of the concentra- 
tions of acid and anion. When the buffer solution is diluted, the coneentration 
of the acid and anion change, but their ratio remains constant, and [H30*] is 
unchanged. 

Buffer solutions also tend to keep the coneentration of H30* constant even 
when small amounts of strong acid or strong base are added to them. To illus- 
trate this phenomenon let us calculate the change in the concentration of H30T 
that occurs when 1 ml of 1 AJ HCl is added to 1 liter of (a) pure water and 
(b) the solution of acetic acid and acetate ion we have just discussed. 

In case (a) we add 


0.001 liter X 1 mole/liter = 0.001 mole 


of H307 to one liter of water. The resulting solution therefore has an H3;07 
concentration of 107° A7. The addition produces a 104-fold change in the 
concentration of H30*, compared to that in pure water. 

When, in case (b), we add 0.001 mole of H307 to the solution containing 
acetate 10n and acetic acid, the following chemical reaction occurs: 


OAc” + H30T > HOAc-+ H,0. 
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We are certam of this because the equilibrium constant for this reaction is 


[HOAc] | earns 1 


Se eee — eee 4 
[H,0+]J[OAc-]  K, 1.85 X 10-8 Ses el 


Since this equilibrium constant is large, virtually all of the added acid reacts 
with the acetate ion to produce acetic acid. Therefore the new acetic acid 
concentration Is 

{HOAc] = 0.70 + 0.001 = 0.701 AT. 


Since 0.001 mole of OAc™ reacted with the added H307, the new acetate ion 
concentration 1s 
{OAc | = 0.60 — 0.001 = 0.599 AY. 


As a result, the new concentration of H3O7 is given by 


[HOAc] ,. _ 0.701 
{OAc—] pe ~ 0.599 


— 22x 107°. 





20") = x 1.85 x 1075 


Within the allowable significant figures, the concentration of H307* is un- 
changed by this addition. A similar result 1s obtained when the effect of adding 
0.001 mole of a strong base is calculated. Alixtures of weak acids and their 
salts resist attempts to change the concentration of H30~ by addition of strong 
acids or strong bases. By storing excess protons as the weak acid, and excess 
base as the anion, they are able to modify the effect of any added acid or base. 
This 1s the origin of the name buffer solution. 

Buffer solutions can also be prepared by mixing appreciable amounts of a 
weak base and one of its salts. Ammonia 1s a weak base and in aqueous solu- 
tion produces OH by the reaction 


Nisle 160) == Neh = Oigl= 
The equilibrium-constant expression for this reaction can be written as 
NHs3] ,- 
3] K 


by 
[NH7] 


(Oa 


and we see that the concentration of OH~ depends only on the ratio of the 
concentration of ammonia to that of ammonium ion. Consequently [OH7] 
(and [H307*]) will be unchanged by any dilution of the solution. Furthermore, 
excess base is stored in the solution as NH3 and excess acid as NH]{. There- 
fore, any strong acids or bases added to the solution will be neutralized and the 
OH~ and H;07 concentrations will be essentially unchanged. 


Question. In order for a buffer solution to work satisfactorily, the amount of weak acid 
and anion or weak base and cation present in solution must be considerably larger than 
the acid or base additions that must be offset. Explain why this is true. 


6.5 BUFFER SOLUTIONS 231 


232 


As a practical illustration of the use of buffer solutions we can reconsider the 
separation of 0.1 AY Znt* and 0.1 AY Fet*, which we treated in Section 6.1. 
We concluded there that in order to precipitate ZnS but not IeS, a sulfide ion 
concentration of 107!9 AY was necessary. This concentration can be maimtained 
by using a saturated solution of H2S, and an appropriate buffer. 

In aqueous solution, H2S dissociates very slightly into sulfide ions by the 
reaction 


H2S(aq) = 2H» == SOs +S". 
The equilibrium constant for this reaction 1s 


+72rq= 
as aE a0 
Z 


In a saturated solution of hydrogen sulfide, [H2S] = 0.1 A/7, so we can sec that 
in such a solution, the concentration of sulfide ion ean be controlled by setting 
the concentration of Hz0+. What concentration of H30~* do we need if [S7] is 
to be 10719 AY? The equilibrium-constant expression tells us that 


[H,07]? = ‘ey celal ce: 


Thercfore, if [H2S] = 0.1 A/, and [S™] is to be 107'° AI, 


[H3;0*]° = are ral Oe se 11x 10 


[H3,0+] = 3.3 x 107° M. 





If we maintain the concentration of H307 at about 0.03 AZ, the separation 
ean be accomplished. 

To choose an appropriate buffer solution, we examine the expression 
[acid] 


1,7 ‘eo 


[H307] = [salt] 





We see that in order to keep the coneentration of the acid and its salt com- 
parable, as we should in order to have a good buffer solution, we must have 


The bisulfate ion, HSO7], is a weak acid with an appropriate ionization constant 


[H,0*}[SOT] _ 


Kes 10". 
[HSO;] 


(H,07] = [HSO%4 | pode 108. 
[SOq] 
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We see then that in order to maintain the concentration of H307* at about 
0.03 1/, we need only dissolve amounts of NaHSO, and NaoSQOy, in the ratio 
of 2.5:1. This buffer will fix the H307 concentration at the proper value, even 
though as the ZnS precipitates, H30~ is generated: 


een —— 2H) — ZnS —- 2H.0". 
3 


Question. The solubility products of Fe(OH)3 and Zn(OH)2 are 4 X 10-38 and 4.5 x 
10-!*, respectively. At what pH would the precipitation of Fe(OH)3 be essentially complete 
while 0.5 M Zn*t remained in solution? From Table 6.2 choose an appropriate acid and 
give the concentrations you would use to make a buffer solution at this pH. 


Dye molecules whose color depends on the concentration of H30™ provide the 

simplest way of estimating the pH of a solution. These mndicators are themselves 

weak acids or weak bases whose conjugate acid-base forms are of different color. 
Tor example, the indicator phenol red tonizes according to the equation 


; L 
| | 
SO; C C 
TeX \ 


i) 


pees OO. 4 
SO3z 


os 


Red Yellow 


Vi 
Va 


which we will abbreviate to 


Hina HO =-H.07 —- Li 
Ky = (H30*][In7] 
: ~~ Sern 


If only a very tiny amount of this indicator is added to a solution, the dis- 
sociation of the indicator will not affect the concentration of H3O7 at all. 
Quite the reverse happens. The concentration of H3;0* in the solution deter- 
mines the ratio of In~ to HIn by the equatton 


iS). Se 
[HIn]  [H307] 
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Table 6.3 pH-ranges of some acid-base indicators 


Color change: 


Indicator pH-interval ania ts Gene 
Thymol blue 1.2-2.8 red-yellow 
Methyl orange 2.1-4.4 orange-yellow 
Methyl red 4.2-6.3 red-yellow 
Bromthymol blue 6.0-7.6 yellow-blue 
Cresol red 7.2-8.8 yellow-red 
Phenolphthalein 8.3-10.0 colorless-red 
Alizarin yellow 10.1-12.0 yellow-red 


The color of the solution will depend on the concentration of H307*, for if 
[H307] is large, [HIn] > [In7], and the solution will be red, but if [H307] is 
small, {In~] > [HIn], and the solution will be yellow. 

There is a natural limitation on the range of pH-values in which a given 
indicator 1s useful. The eye can detect changes in color only when the ratio of 
the concentrations of the two colored forms falls in the range 0.1 to 10. In the 
case of phenol red we would have 








Un] 1 . } ; 
inal > 0.1, solution distinctly red, 
{In7] | 

Hin} ele solution orange, 

Ebel 10 solution distinctly yellow 
in] = O O CLLY Yellow. 


By referring to the equilibrrum-constant expression we sec that these three 
ratios correspond to [H307*] equal to 10Ky, Ky, and 0.1K respectively. There- 
fore the indicator is sensitive to change of pH only in a 100-fold range of H307* 
concentration which is centered on the value [H307] = Ky. In order to measure 
pH in the range of 7 + 1, we must use an indicator whose acid ionization 
constant is about 10~’, and likewise for other pH ranges. Table 6.3 gives a list 
of conimon indicators and the ranges in which they are effective. 
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There are really only two different types of problem that arise in simple situa- 
tions of acid-base equilibria. In one case we are concerned with “pure” solutions 
of a single weak acid or weak basc; or, what is the same thing, a solution of a 
salt of a weak acid, or a salt of a weak base. The second case is that of buffer 
solutions, which contain appreciable amounts of both a weak acid and its salt 
or of a weak base and its salt. We have demonstrated intuitive, approximate 
treatments of these two problems, and have emphasized that there are situa- 
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tions in which our approximations fail. In order to make the conditions for the 
validity of the approximations more clear, and to provide a means of handling 
problems for which the approximations fail, we uow present an cxact method 
of treating acid-base equilibria. 

Consider the ionization of any weak acid HA: 


HA + H.O = H307 + A7. 
Accompanying this reaction im aqueous solution we always have 
2H».O — H,07° -+- OH™. 


Our general problem is to calculate the four concentrations, [HA], [A7~], [H307], 
and [OH™], given that a certain amount of acid was dissolved to form a specified 
volume of solution. 

Since we have four unknowns, we must find four equations which can be 
solved simultaneously to give the desired concentrations. Two of these equa- 
tious are the equilibrium constants 


[H307][A7] 
am iTTAy a = K,, (6.14) 
(H;,0*)|[(OH~] = Ky. (6.15) 


We will consider the values of K, and K,, to be given. To obtain a third equation, 
we need only recognize that of the original amount of HA added to the solution, 
all must be present either as undissociated acid HA or as the anion A~. If we 
call [HA]9 the total amount of acid added to the solution divided by the volume, 
we can write 


[HA]o = [HA] + [A™]. (6.16) 


This equation is called the material balance relation. It simply says that since 
no “A-material” is created or destroyed, the sum of the equilibrium concen- 
trations of HA and A~ must equal the concentration HA would have had 
uf none had dissociated. 

The fourth equation follows from the requirement that the solution be elec- 
trically neutral. That is, the total concentration of positive charge must equal 
the total concentration of negative charge: 


[H30*] = [A7] + [OH]. (6.17) 


Equation (6.17) is called the charge balance equation. 

Now let us combine our four equations to find an expression for the con- 
centration of H30* at equilibrium. We will do this by first finding expressions 
for [A—] and [HA] in terms of [H30*], and then substituting these in Eq. (6.14). 
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Il'rom the charge balance equation we obtam 
[A~] = [H30*] — [OH7], 
which, by use of Eq. (6.15), becomes 


Kw 


[A~] = [H307] — [H,04) 


(6.18) 


This is the first of the necessary relations. Rearrangement of the material 
balance equation gives us 


[HA] = [HA], — [A™]. 


Combining Eq. (6.18) with this results in 





Now we have both [A7] and [HA] in terms of known constants and [H307)]. 
Substitution of Eqs. (6.18) and (6.19) into Eq. (6.14) produces 


Kw 
[H3,07] (1H150% —_ (H =) _-F 


(6.20) 
(‘Halo — [H307] + 





07) 


Equation (6.20) is a cubic equation that can be solved for the exact concen- 
tration of H30t. Subsequently, all other concentrations can be found from 
Eqs. (6.15), (6.18), and (6.19). 

The direct solution of a cubic equation is never a pleasant procedure, so it is 
of interest to find the conditions under which we can simplify Eq. (6.20). First, 
note that even in solutions of very weak acid, the concentration of HzO? is 
generally greater than 10~° 17. This means that in the numerator of Eq. (6.20), 
the term 


K 

0 | eee 

BO [H30+] 

is to a good approximation just equal to [H307], for if [H307] > 107° AY, then 


Kis 
[H307] 





=< 10-° © 


The same simplification can be made in the denominator of Eq. (6.20), so we get 


“ + 
Hi, anon Xe «if (HO > pRB. ay 
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We recognize Eq. (6.21) as a quadratic equation that we encountered in Sec- 
tion 6.3. The conditions for its validity are now clear. 
Equation (6.21) ean be simplified further, for if [H30T] « [HA]p, it becomes 


H307*]? 
va = Ke (6.22) 





which is the familiar simplest approximation to the acid ionization problem. 
In any problem of weak acid ionization we might first use Eq. (6.22) to obtain 
an approximate value for [H,07]. This approximate answer can be used to 
decide whether the approximations are valid, and if not, Eq. (6.21) or Eq. (6.20) 
may be solved by successive approximations. 


Example 6.1 Develop the exact expression for the concentration of OH™~ in equilibrium 
with a weak base BOH. We have 


Pe cc 
SOR = Ks,  [H30*][(OH7] = Kw, 


and the material balance equation Is 

[BOH]o = [Bt] + [BOH], 
while charge balance requires that 

[3+] + [H30*] = [OH7]. 
Rearrangement of the charge balance equation gives 


gs 


+, _ ef ee er an | a 
[B*] = (OH7] — [30%] = [0H] — BA 





From this expression and the material balance equation we get 


ee: 


[BOH] = [BOH]o — [OH ]-- (OH-] 


These equations for [BOH] and [B*] convert the ionization-constant expression to 
K 
Oll-] — = Oneal 
( a5] [ 


P< 
(‘ort — (OH-]+ oa) 





— Ko, 





which is an exact cubic equation for [OH7]. 
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Now let us develop an exact expression for the concentration of H3O0* in an 
arbitrary mixture of an acid HA and its salt NaA. The equations 


[H3;0T][A7] 
[HA] 
[H;0T][(OH] = Ky, (6.15) 


a one (6.14) 


still apply, but now the material balance expression is 
[HA]o + [NaA]o = [HA] + [A7], (6.23) 


where [NaA]o is the number of moles of salt added to the solution, divided by 
the volume of the solution. Equation (6.23) says that all the “A-material” 
added must be present either as HA or A~. The charge balance equation for 
this system 1s 


[Na*] + [H30*] = [A7] + [OH7]. (6.24) 


Upon substitution of K,,/[H307] for [OH7], and slight rearrangement, the 
charge balance equation becomes 


Jay ~ 


[A~] => [Nat] — [H3,07] ca (H30+] : (6.25) 


Equation (6.25) says that the concentration of A~ is equal to that of Nat 
except for the two correction terms [H30*] and K,,/[H307T]. These latter 
terms are often, but not always, relatively small. The material balance equation 


[HA] = [HA] + [NaA]o — [A7] 
can be altered by substitution of Eq. (6.25) for [A7] to give 


Kw | 


[HA] = [HA]o + [NaA]o — [Na*] — [H30°] + Oa: 


But since the salt NaA is totally dissociated, [NaA]o = [Nat], and 





= _ By 2 
Substitution of Eqs. (6.25) and (6.26) into Eq. (6.14) results in 
a8 Tq F a9 Kw 
Se ee ee Ce (6.27) 


(‘HAL — [HO] + Tes) 


which is an exact cubic equation for [H307*]. 
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Equation (6.27) reduces to a simple expression if both [Nat] and [HA], are 
large. That is, when 
[HA]o, [Nat] > [H307] 


and 
or 
AT. w _ — 
{HA]o, [Nat] > (H0+] [OH], 
then Eq. (6.27) becomes 
[H,0+][Nat] 
{HA ]o a 


[HAlo , _ [acid] 
[Na+] “¢ ~ [salt] *% 








[H307] = 


which is the familiar simple expression for the concentration of H30*7 in a 
buffer solution. We see that in order for our simple expression to be valid, both 
[Nat] and [HA]) must be larger than both [H30*] and [OH] = K,,./[H307*]. 
When only one or two of these conditions are satisfied, Eq. (6.27) may be 
simplified accordingly. 

It is interesting to note that when the concentration of Na™ is set equal to 
zero in Eq. (6.27) we obtain Eq. (6.20), which is the exact expression for the con- 
centration of H3O7 in a solution of a pure acid. Likewise, setting [HA], = 0 
gives us an exact expression of the H3O* concentration in a pure solution of 
the salt NaA. Neither of these conclusions should be surprising, but they 
reaffirm our confidence that Eq. (6.27) is correct regardless of the concentrations 
of acid and salt. 


6.7 ACID-BASE TITRATIONS 


The acid-base titration is one of the most important techniques of analytical 
chemistry. The general procedure is to determine the amount of, let us say, 
an acid by adding an equivalent measured amount of a base, or vice versa. 
In order to see how to design a good acid-base titration experiment, it 1s useful 
to calculate the concentration of H30* at various stages in the titration of 
50.00 ml of 1.000 AJ HCl with 50.00 ml of 1.000 AJ NaOH. 

To make our results applicable to all such titrations, we shall express the 
progress of the titration by giving the value of f, the fraction of the original 
acid that has been neutralized. If the original number of moles of HCl is denoted 
by 7o, f 1s given by 

__ number of moles of base added 
i — Ito 
At the start of the titration f = 0, and f = 1 corresponds to a completely 
titrated acid, or the equivalence point of the titration. 
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Before the titration starts, [H,0T] = 14/7, and pH = 0. To calculate 
HSEOmm ict ae hoe lle 


V = original volume of the acid, 
v = volume of the base added. 


Then, since both acid and base have the same concentration, f = v/V, and the 
amount of acid at any stage in the titration is 


H307 = no(1 — f) = no ( — r). 


To obtain the concentration of H3O0t, we divide by the total volume of the 


solution 
Tere ier Oh oe 
ON = Fo V+v) | Oo \ ie +7 


This expression is derived assuming that all of the H30* comes from the ioniza- 
tion of HCl, and thus it gives [H307] = 0 at the equivalence point. Actually, 
very near the equivalence point an appreciable amount of the H30* comes 
from the ionization of water, and at the equivalence point we have [H3,07] = 
[OH~] = 107’ AY. Therefore a more accurate expression for [H307] is 


(H3;0T] = [H30°*] (from acid) + [H30*] (from water) 


= Bae! = 
ee eet) ee 
eo (} + ‘) zp [H30+] 

After the equivalence point is passed, we are essentially adding OH™ to a 


certain volume of pure water, and the concentration of OH™ can be calculated 
accordingly. 





Question. Why is it legitimate to neglect the term K,,/[H30*] when f is small? 


The clearest representation of what happens during the titration is given by 
the titration curve, a plot of pH as a function of f, which is shown in Fig. 6.1. 
These curves are drawn from calculations with the equations we have just 
derived. The most striking feature of the titration curve is the rapid change of 
pH in the vicinity of the equivalence point. In going from f = 0.999 to f= 
1.001, the pH changes by nearly 8 units, or [H307*] changes by a factor of ten 
million. Therefore, in an actual experiment any acid-base indicator that changes 
color anywhere between pH 4 and pH 10 will allow us to locate the equivalence 
point to within one part in one thousand, or one-tenth of a percent. This 
situation becomes slightly less favorable as the reagents become more dilute, as 
lig. 6.1 shows. 
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In practical situations, many titrations involve the reaction of a weak acid 
with a strong base, or of a weak base with a strong acid. Therefore it is impor- 
tant to examine the titration curves for these cases. 


ar | 


0.01 M 





Equivalence } 
point 





Titration of 1-M and 0.01-M HCl with 1-M FIG. 6.1 
tees 04 06 08 10 12 14 and 0.01-M NaOH respectively. 
f, fraction titrated 


We assume that we are titrating 50.00 ml of 0.1000-A/ acetic acid with 0.1000 
AI NaOH. Once again we express the progress of the titration in terms of f, 
the fraction of the acid titrated, where 


moles of base added 


———— 
and 9 is the original number of moles of acid in the solution. At the start of 
the titration f = 0, and we have a 0.1000 AZ solution of a pure acid. The value 
of [H307] is given by 


+12 
Bae = K, = 1.85 x 1075, 
(H307] = 1.36 x 107%, 
bole 2 87 


As the titration progresses, 0 < f < 1, and we have appreciable quantities of 
the acid and its anion present in solution. Under these circumstances, 


OAc! 
(seer) = (OAc=] A (6.28) 


as we learned from our discussion of buffer solutions. But the amount of OAc” 
at any point in the titration is 


OAC = Nal, 
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and its eoneentration 1s 


—7 nof 
[OAe | ar 





where V is the original volume of the aeid, and v is the volume of base added. 
Similarly, the amount of HOAe at any time 1s 


HOAc = nj, (1 — f) 


and 


[HOAe] = no va 


Substitution into Eq. (6.28) gives 





(H;07] = : 7 Ks AO ee a (6.29) 


Thus the eoneentration of H30* depends only on K, and the fraction titrated, 
and not on the original eoneentration of the acid. 


14 





Equivalence point 


Titration of 0.1-M acetic acid with 0.1-M 0 
sodium hydroxide. 0 02 04 06°03 “irr 


f, fraction titrated 


Equation (6.29) is not valid when f = 1, sinee it was derived negleeting the 
hydrolysis of the anion OAe~. When f = I, the acid has been eompletely 
eonverted to a solution of 0.0500 AJ NaOAc, which hydrolyzes aeeording to 


OAe” + H.O = HOdAe 4+ OH. 
We know that 
ue 


= Ky, = = = 5.54 X 105 


(OH ]|[HOAe] 
[OAe—]| 
and that 
(HOAe] = [OH7], 
[(OAe~] = 0.0500 AY. 
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Therefore [Ont 10>- x 504 x 10-7, 
OH |= 5.26 <x 10-¢, 
[H3;07T] = 1.90 x 1079, 
ble eS. 2. 


We sec that because of hydrolysis the solution is not neutral at the equiva- 
leuee point. Beyond the equivalence point the concentration of H307T ean be 
calculated assuming that we are adding base to a solution of pure water. 

The calculations we have just outlined lead to the titration curve shown in 
Pig. 6.2. It 1s clear that mn this weak acid-strong base titration, the pH changes 
more slowly in the viemity of the equivalence point than was the case in the 
strong acid-strong base titration. Thus it is always more difficult to locate the 
equivalence pomt m titrations of a weak acid than in those of a strong acid. 
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In the problems of acid-base equilibrium that we have treated so far, we have 
dealt with solutions m which there was only one weak acid or weak base 
present, apart from water itself. However, situations in which there is more 
than one weak acid or base in solution are important, and arise naturally when, 
for example, an acid can ionize in two or more ways: 


H.CO3 + H2O = HCO; + H;0*, K, = 4.2x 107%, 
HCOz + H20 = COs +H307, =. K2 = 4.8 X 107", 


[H307][HCO3s] _ K [H30"][CO3] _ K [H307]°[CO3] 
[H2COs3] 7 [HCOs | ”? [H2COs3] 


=o Ky, Ko. 
Thus a solution of carbonic aeid is really a mixture of two acids: H2CO3 and 
HCO,;. The constant Ay, is called the first ionization constant of carbonic 
acid, and Kg is the second ionization constant. 

As an example of how a mixture of weak acids ts treated mathematically, 
let us calculate the H307* concentration in a solution obtamed by dissolving 
0.02 mole of COg (H2COz3) in one liter of water. Because of the possible com- 
plications of this system, we had best base our treatment on the exact material 
and charge balance equations: 


[H2CO3]o = [H2CO3] + [HCO3] + [CO3], (6.30) 

[H30"] = [HCOz] + 2(COs] + [OH |]. (6.31) 

The coefficiceut of [CO3] in the charge balance equation 1s 2, because we are 
equating positive and negative charge concentrations, and the concentration of 


charge contributed by the earbonate ton is twiee the coneentration of the ion 
itself. 
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To obtain an expression for [H307], we select the charge balance equation 
and by substitution try to express [H307*] as a function of the known equilibrium 
constants and of other concentrations that can be guessed. Using the fact that 
H.COz is a weak acid, we expect it to be very slightly dissociated, and therefore 
to have a concentration near to 0.02 Af. Consequently we will try to express 
[H307] as a function of [H2COs3]. Use of the equilibrium constants gives us 





—)] [H2CQ3] r =) __ {H2COs3] roy 
[HCQs3 | — [H.04] eG, [COz ] as HO 8)2 ee 
= a. 
(ONT = THOF 


Substitution of these relations in Eq. (6.31) leads to 


+ a [H2.COs3] a [H2CO3] a a 1g 
Pe AO a) — {H.0+) k,+2 [H,0+}2 K,Ko+ (H,07] (6.32) 
=, [H2CO3] = 2K» ie ; 
= Rod ™ (1+ aon) + me - 


Equation (6.31) and its direct descendant, Eq. (6.32), have a simple physical 
interpretation. They say that the observed [H307] is equal to the sum of 
three separate contributions: 


(1) those molecules of H2CO3 that have ionized once, represented by 


_ [H2C03] 


(HCOs] = Tron 





ae 


(2) those molecules of H2CO3 that have ionized twice, which give a con- 
tribution to [H307*] equal to 


P isereey 


2ICOs] = 2 Oa 





Ky Ko; 


(3) the contribution to [H3,0*] that comes from the iouization of water, 
which is equal to 
= ee 
(ONT = HOF] 

It is important to keep the origin of cach of the terms in Eqs. (6.32) and (6.33) 
in mind in order to find a way of simplifying Eq. (6.33). 

Equation (6.33) is an exact cubic equation for [H307] including that con- 
tributed by the ionization of water, and we have argued that in pure solutions 
of weak acids the ionization of water is a relatively unimportant source of 
H;0*. Therefore, we shall neglect K,, /{H30*] as a first approximation. 

The term 2K ,K2[H2CO3]/[H307]* represents H30+ contributed by acid 
molecules that have ionized twice to form COZ. We can guess that this double 
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ionization is less important than the single ionization to HCO3Z, just by com- 
paring the values of A, and Kg. In the first place, Ky « K,, so the removal of 
the second proton is more difheult than removal of the first. In the second 
place, A, itself is small, so the concentration of HCO3 will be small, and there 
will be relatively few HCO3 ions that can dissociate to form CO;. Therefore, 
we might expect to be able to neglect the second term on the right-hand side 
Oiegs. (5.52) and (6.33). 

We can justify this approximation by another argument. Consider the factor 


PG 
( v Ten) 


in Eq. (6.33). The second term in this factor represents the contribution of the 
second ionization of HyCOg3 to the concentration of H307. Is 2Ko/[H3;07] 
small compared to unity? We know that the solution is acidic, so that [H307] > 
10-‘ Af. Therefore 


2K» DS Nee 


iw —3 
HOF T0s2 ~ 10° <1. 





Thus we see that if the solution is at all acidic, the contribution of the second 
ionization to the concentration of H307 is quite small, and Eq. (6.33) reduces to 


[H2COs] 


30") = THO] 


Kk}. (6.34) 


But this is exactly what we would have obtained if we had started with the 
expression 
(HsO*[HCOs] _ 
[H2COs] ° 
and said that [H,07] & [HCO3]. In other words, if the second ionization 
constant is small enough, we can caleulate the H30* concentration by pretend- 
ing that we are dealing with a monobasic acid. 
Now let us check to see if this approximation is justified. Solving Eq. (6.34) 
for [H2CO3] = 0.02 AT gives us 


[H307] — (HsCOslki) + = (0.02 X 4.2 x 1077) ¥2 
io 10a 
Therefore, 


eee CS 10e 


Beet ee _¢ 
[H307] _ 9.2 x 10-5 LO ry ; 





which is much less than unity, so our simplification of Eq. (6.33) 1s Justified. 
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Our neglect of the second ionization of H2COg3 in calculating [H307*] does 
not mean that the concentration of CO; is truly zero. It can be calculated most 
easily from 


[H30* (COs) 
[H2COs] 





= K,K>y = 2.0 xX 107". 


We know that 
[eo 402. ee 
[H5CO3] —s2)sl0mn 
and so 


= a 2 ee me / 
(CO) = 85 x Jono * 2:9 X 10 


— 47x 107!'! M. 


Therefore very little carbonate ion exists at equilibrium. 

We should reemphasize that the validity of neglecting the contribution of the 
second ionization to the concentration of H30* depends on the fact that Ko < 
K,. Should this inequality not hold, we would have to solve Eq. (6.33) by a 
method of successive approximations. 


Question. Succinic acid (CH2)2(COOH)e2 is a dibasic acid with K; = 6.5 x 10-° and 
Ka = 3.3 X 10-®. Determine whether it is justifiable to neglect the second ionization of 
the acid in calculating the H30+ concentration in an aqueous solution of 0.1 M succinic 
acid. 


Let us set up the expression for [H30*] in a solution prepared by mixing 
comparable amounts of H2CO3 and NaHCO3. The charge balance equation for 
such a solution is 


[H30*] + [Na*] = [HCO3] + 2(COz] + [OH™]. (6.35) 


At this point, we must realize that both [H2CO3] and [HCO3] may be large, 
and either might be guessed from the specifications of how the solution was 
made up. Therefore, we may choose to express [H307*] either in terms of 
[H2COg3] or of [HCO3]. Choosing the former, we obtain from Eq. (6.35) 


[H2CO3] 
[H30*] + [Na*] = TH.O7} Bete2 


{[H.CO3] ie 
fH,0+2 “2 * HOF] 


(6.36) 
We can now proceed to simplify this expression. On the left-hand side, 
[Nat] > [H307] if appreciable NaHCO3 was used to make up the solution. 


On the right-hand side, the last two terms may be small if Ko « Ky, and if 
{H30*] is greater than 1077 AJ. Neglecting the first term on the left-hand side 
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and the last two terms on the right-hand side gives 


[H2COs] 


T+) __ r 
[Na = jemeEs Ky, 
6. 
(H,0+] = Hl2©Osl x _- 
3 [Nat] - 


Equation (6.37) 1s what we would have obtained if we had treated the mixture 
of HeCO3 and NaHCOg3 as a simple buffer solution, neglecting the fact that 
HCO z can ionize to H30t and COZ. The approximations used to deduce 
Eq. (6.37) may fail, but even so, Eq. (6.37) can be used to give a first approxi- 
mation for [H307*], which must then be refined by using Eq. (6.36). 


Question. What is the pH of a buffer solution prepared with one mole of H3P04 and 0.5 
mole of NaH2PQq in one liter of water? For H3PO4, Kr = 7.5 X 10-3, Ko =6.2 x 10-8, 
een 1 X 10-!2, 


The calculation of the concentration of H307 m a pure solution of the salt 
NaHCQO3 is a problem somewhat different from those we have been treating. 
In such a solution the relevant equilibria are 

HCO; + H,0 = H30T + COs;, 


In other words, HCO; can act as cither an acid or a base. Therefore, we can 
say that HCO 3 can react with itself according to 


This reaction has an equilibrium constant equal to 
[H2COsl[COs] _ 
[HCO3]* 


By multiplying both numerator and denommator by [H307], and recognizing 
two familiar factors we get 


(H2COsI[COsIHs0*] _  _ Ke. 

(H307][HCO3 ][HCO3] K, 
Therefore, if Kz «< Ky, the conversion of HCO3 into HeCO3 and CO 3 will be 
relatively small. Since Ko/K,~ 1074, we can say that most of the HCO; 
remains as such, but that some (10%) does go to form H2CO3 and CO3. 


Now let us develop an exact expression for the concentration of H307T. The 
charge balance equation for this solution is 


[Nat] + [H,0+t] = [HCOs] + 2(COF] + [OH™], (6.38) 
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and the material balance equation is 
[NaHCO3lo = [Ne [ete © 04] 4 (HCO. | Conn (6.39) 


Note carefully that this particular material balance equation is only valid for 
a pure solution of NaHCOg3. If we subtract Eq. (6.39) from Eq. (6.38), we get 


[H3;07] + [H2CO3] = [CO3] + [OH7]. (6.40) 


We must now express [H2CO3] and [CO3] in terms of [HCO3], the largest of 
the concentrations, and therefore the easiest to guess. Using the first and 
second 1onization-constant expressions in Eq. (6.40) we obtain 


[H30T][HCO; _ [HCO3 [HCOs] ;, eee KG 
K, ~~ [H30+] °~ (H30+] | 


[H307] + 
[H,0*]? (: + poe) — [HCOz|K2 + Kw, 
[HCO3]Ke + Kw 


(: 4 ee Wee) 


[H;,07]? = (6.41) 


Now, [HCO3]/A, > 1 for the usual concentrations of HCO3. Therefore, the 
denominator in Eq. (6.41) is equal to [HCO3]/A, to a good approximation. 
Also, Ky =107"*, but K.2[HCO3] > 10~'!, for [HCOz;) > 0.50% Yard 
under this condition the numerator in Eq. (6.41) is approximately equal to 
[HCO3 ]K2. Therefore, Eq. (6.41) becomes 


fEleOm|- ~ LHCO3 |Ko = K,Ko, 
[HCO3 ]/A, 
[H30T] = VK Ko. (6.42) 


Thus, if the concentration of HCO3 is larger than about 0.1 J/, the concentration 
of H30* in a pure solution of NaHCOsz is given by the simple expression (6.42). 
However, even though the concentration of H3O07 is independent of the concen- 
tration of HCO3, a pure solution of NaHCOsg is not a buffer solution. Should 
any strong acid or strong base be added to the solution, the material balance 
expression Eq. (6.39) becomes invalid, and therefore Eq. (6.42) no longer applies. 

A pure solution of NaHCOg3 or any other acid salt can be regarded as an 
equimolar mixture of a weak acid (HCO3) and a weak base (HCO;). The 
fact that the acid and the base are the same material has no particular impor- 
tance. If this is true, we should be able to treat an equimolar mixture of a weak 
acid such as NH} and a weak base like OAc~ by the method we just applied 
to a pure solution of HCO3. An equimolar solution of NH? and OAc™ would 
be obtained by dissolving the salt ammonium acetate in water. The ions then 
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hydrolyze according to 


NEY + H.O = NH3 ++ HeOe 
OAc” + H20 = HOAc+ OH™. 


The charge balance equation for this system would be 
[NH7] + [H30*] = [OAc™] + [OH7]. (6.43) 


The matcrial balance cquation states that the sum of the concentrations of 
“ammonia material” must equal the sum of the concentrations of “acetate 
material”: 


[NH?] + [NH3] = [OAc7] + [HOAc]. (6.44) 


This expression 1s a consequence of the fact that in ammonium acctate there is 
one ammonium 1on for cach acetate ion. 
Subtracting Eq. (6.44) from Eq. (6.43) gives 


[H,0+] + (HOAc] = [NH3] + [OH-1. (6.45) 


Now we can use the equilibrium constants for the ionization of acetic acid and 
ammonia to obtain 


[OH INH] _ Kw [NH7Z] 


[H30*}[0AcT]_ 
Kk, £kK, (H30+) 


Ka 





[HOAc] = [NH3] = 





Substitution in Eq. (6.45) then gives 


4, (H30t+[0Ac7] _ Kw [NHP) 
30 XO «Bs (30+) 


[H30+]? (1 4 re) S — [NHt] + Ky. 


ae 
([H30+4] ’ 








—- 


If the salt is present in appreciable concentration, [OAc ]/K, > 1 and 
[NH7]/K, > 1, we have 


2 Ose] a o 








[H,07] ~ (NH3], 
AE [NHq] 
+72 a 
[30%] an Oe 
ie, then [NH] & [OAc7], and 
[H,07) = (Eek: wh ‘ (6.46) 


Equation (6.46) is analogous to Eq. (6.42) and shows that when we have an 
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equimolar mixture of a weak acid and a weak base, the concentration of H307 
is fixed, whether or not the acid and base are the same chemical specics. 


Questions. What is the principal net reaction by which both NH; and OAc~ are consumed? 
By using this reaction can you further justify the assertion that [NHq] = [OAc]? Is near 
equality of K, and Ky really a necessary condition for this assumption to hold? 
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In our analysis of multistage equilibria we have been exclusively concerned with 
the ionization of dibasic acids. However, the methods we have developed are 
applicable to other equilibria, as the following example will show. 

Mercurie chloride, HgCloe, dissolves in water and remains largely undissociated. 
Nevertheless, small amounts of HgCl*, Hgt*, and Cl7 are formed by 


HgClo(aq) = HeCl* + Cl-, ~ KK, =33 xX line 
HeCl* = Heo Sel Ky — 1s <a 


where 
= He Ciale@le| 


_ [Bet +1017] 
“1 = THeClel i 


Aa = —THgCl#] 


Thus the ionization of HgCl, is analogous to the dissociation of a dibasie acid. 
We can find an expression for [Cl7] in a pure HgCle solution by starting 
with the charge balance equation: 


[Cl] = (HgCi") + 2[Hg**). 


Here we are neglecting [H*] and [OH7™], which is essentially the same as assum- 
ing the solution is neutral or nearly so. The values of A, and K» suggest that 
HgCl, will be only very slightly dissociated, and therefore in a pure solution 
the concentration of HgClo should be relatively large and easy to estimate. 
Thus we find expressions for [HgCl™] and [Hg**] in terms of [HgCly]: 


(HgCl*] = a ake 2 
_ Ke{HgClt] _ K,Ke[HgCle] 
ae =ie ~~ cre 


Next, we substitute these into the charge balance equation to get 
AK (HgClo] 49 Kk, K2{HgCle] 
(Cli-] [Cl-]? 


_ Ki[HgClo] (, , 2K2\_ 
= Soe + fee) “ 





Mela 





Equation (6.47) is a cubie expression for [C17] which may be solved if [HgClg] 
is know. 


IONIC EQUILIBRIA IN AQUEOUS SOLUTIONS 6.8 


Let us calculate [Cl] for a solution prepared by dissolving 0.1 mole of HgCl. 
in enough water to make one liter of solution. Then, since K, is small, [HgCl.] = 
0.1 Af. As a first approximation we neglect the term 2K.2/[Cl7] in Eq. (6.47) 
and get 


(Cl? = K,[(HgCl.] = 3.3 x 1077 x 107}, [Cl-] = 1.8 = 107 #9. 


From this answer it appears that our approximation of letting [HgCl.o] equal 
0.1 M is justified. Moreover, since 2K2/[Cl7~] = 1.8 X 1073, neglect of this 
term compared to unity is also a good approximation. Thus, even though 
K, and Kg are nearly the same, the second ionization makes a negligible con- 
tribution to the chloride 1on concentration in this pure solution of HgClo. 

To complete the problem, we note that 


[HgClo] 

ier? 

meee es x 107’ x 10’ x 10~" 
— 3.3 X 10-8 


fig **) = K\Ko2 
—18x107'M, 


and since {[Hg**] is so small, 
(HgCl*] = [Cl-] = 1.8 x 1074 A. 


It is clear that this problem is very much analogous to the dissociation of a 
weak dibasic acid. Likewise, an equimolar mixture of HgCl. and Hg** [from 
Hg(NOs3)o] is essentially a pure solution of HgCl* and is analogous to, and can 
be mathematically treated like, a pure solution of NaHCO3. In other words, 
fundamentally it does not matter whether we are faced with the stepwise dis- 
sociation of a complex species such as HgCle or of a weak acid like H2CO3. 
The procedures used to find the equilibrium concentrations are virtually 
identical. 


6.9 CONCLUSION 


In this chapter we have developed systematic procedures for calculating con- 
centrations of dissolved substances from equilibrium constants. This type of 
analysis is of practical value in a number of fields, in particular, analytical, 
inorganic, and biological chemistry. There is more to be learned from this 
subject than mechanical facility in making equilibrium calculations, however. 
The study of ionic equilibria demonstrates how approximations, made with due 
regard to the physical situation, can ease the business of solving problems. 
This is an extremely important general idea, for the quantitative problems of 
chemistry are difficult, and most often can be solved only by use of intelligent 
approximations. Therefore, the ability to sense the useful and valid approxima- 
tions in any problem is a valuable skill that will be used repeatedly, and study 
of ionic equilibria can help develop this ability. 
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6.1 Electrical conductivity measurements give the solubility of barium. sulfate, 
BaSOq, in pure water as 1.05 X 107° mole/liter at 25°C. Calculate the solubility 
product of barium sulfate. 


6.2 Expcriments show that in a saturated solution of barium fluoride, BaFo, in pure 
water at 25°C, the barium ion concentration is 7.6 X 107% mole/liter. What is the 
concentration of fluoride ion in this solution? What is the solubility product of barium 
fluoride? 


6.3 A saturated solution of lanthanum iodate, La(1O3)3, in pure water has a concentra- 
tion of iodate ion equal to 2.07 X 107% mole/liter at 25°C. What is the concentration 
of Lat’? What is the solubility product of La(I0O3)3? 


6.4 The solubility product of magnesium hydroxide, Mg(OH)o, is 1.8 X 107!!. 
What is the solubility of Mg(OH)e in pure water? What is the concentration of OH— 
in the saturated solution? What is the pH of this solution? 


6.5 The solubility product of lead sulfate, PbSO4, is 1.8 X 1078. Calculate the 
solubility of lead sulfate in (a) pure water; (b) 0.10 Jf Pb(NOs3)o2 solution; (c) 1.0 X 
107° Mf NaeSOz solution. 


6.6 The solubility product of calcium fluoride is 1.7 X 107!'®. Calculate the solubility 
of CaF in a solution of 4 X 1074 / Ca(NO3)2 to within 5% accuracy. The method 
of successive approximations is useful here. 


6.7 To a solution that contains 0.10 1 Cat? and 0.10. Batt, sodium sulfate is 
added slowly. The solubility products of CaSO4 and BaSO4 are 2.4 X 107° and 
1.1 X 107?!9 respectively. What is the sulfate ion concentration at the instant the 
first solid precipitates? What is that solid? Neglect dilution and calculate the barium 
ion concentration present when the first precipitation of CaSO4 occurs. Do you think 
it should be possible to separate Cat* and Bat? by selective precipitation of the 
sulfates? 

6.8 The solubility product of silver bromate, AgBrOs, is 5.2 X 107°. When 40.0 ml 
of a solution containing 0.100 .f AgNOxz is added to 60.0 ml of a 0.200 If NaBrO3 
solution, a precipitate of AgBrO3 is formed. From the stoichiometry of the reaction, 
deduce the final concentration of bromate ion. What is the concentration of Ag+ 
remaining in the solution? 
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6.9 Lead iodate, Pb(IO3)2, is a sparingly soluble salt with a solubility product of 
moe *?. To 35.0 ml of a 0.150 WF Pb(NO3)2 solution, 15.0 ml of a solution of 
0.800 Jf KIO3 are added, and a precipitate of Pb(O3)2 formed. What are the con- 
centrations of Pb** and FO> left in the solution? 


6.10 Formic acid, HCOeH, loses one proton upon ionization and has a dissociation 
constant of 1.8 X 1074 at 25°C. Calculate the concentrations of HCOgH, H30*, 
HCO,;, and OH~ in (a) a solution made by adding 1.00 mole of HCO,H to enough pure 
water to make 1.00 liter of solution; (b) a solution made by adding 1.00 * 107? mole 
of HCOe2H to sufficient water to make 1.00 liter of solution. Indicate the approxima- 
tions made, and show that they are justified. Obtain answers that are within 5% of 
the exact values. 


6.11 Ammonia, NH3, produces hydroxyl ions in aqueous solution according to the 


reaction 
NH3+ HeO = NH7 + OH-, 


which has an equilibrium constant of 1.80 X 107°. Calculate the concentrations of 
gn aly NH, H,O*, and OH™ in (a) a solution prepared from 0.010 mole of ammonia 
and 1.00 liter of water; (b) a solution prepared from 1.00 X 1074 mole of ammonia and 
enough water to make 1.00 liter of solution. Check the validity of all approximations, 
and refine the answers by successive approximation until you feel you are within 5% 
of the exact answer. 


6.12 Calculate the concentrations of H30+, HOAc, and OAc”, and OH™ in a solution 
that is prepared from 0.150 mole of HCl, 0.100 mole HOAc, and enough water to make 
1.00 liter of solution. The dissociation constant for HOAc is 1.85 X 107°, and HCl 
is totally dissociated in aqueous solution. 


6.13 In dilute aqueous solution sulfuric acid can be regarded as totally dissociated 
to H,O* and HSO;. The bisulfate ion, HSO,, is itself a weak acid with a dissociation 
constant of 1.20 X 10~*. Calculate the concentration of H,0*, HSO;, SOS, and 
OH in a solution prepared by dissolving 0.100 mole of HeaSO4 in enough water to 
make 1.00 liter of solution. 


6.14 To 1 liter of a solution containing 0.150 JJ NH4Cl there is added 0.200 mole of 
solid NaOH. What are the ionic and molecular species that are in major concentration 
when equilibrium is reached? Calculate the concentrations of NH3, OH™~, and NH; 
at equilibrium if the dissociation constant for ammonia is 1.8 X 107°. 


6.15 Consider aqueous solutions of a strong (totally dissociated) acid such as HCl. 
At high concentrations, the acid itself is the only important source of H307, but at 
concentrations near 1074 Vand below, the ionization of water contributes appreciably 
to the concentration of H30*. Use the charge balance expressiou and the relation 
(H30+*][(OH-] = K,, to derive an exact equation for the concentration of H30°F. 


6.16 Calculate the hydrolysis constant for the reaction 


HCO; + H,O = HCO,H + OH-, 


and find the concentrations of If,O0+, OH~, HCO,;, and EFCO,H in a solution of 


0.15 .\f HCOsgNa. The dissociation constant of formic acid is 1.8 X 1074. 
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6.17 The dissociation constant of HCN, hydrocyanic acid, is 4.8 X 107'®. What 
is the concentration of H30*, OH~, and HCN in a solution prepared by dissolving 
0.160 mole of NaCN in 450 ml of water at 25°C? 


6.18 Calculate the solubility of FeS in a saturated solution of Hes which has a 
concentration of H30* equal to 1.0 X 1073.1. The equilibrium constant for the 
dissociation of HeS by the reaction 


HoS + 2H.0 = 2H30+-+ $= 
is 1.1 X 10721. 


6.19 Calculate the solubility of lead sulfate in a solution of 0.100 \ H307* by taking 
account of the reaction 


HSO; + H,O = H,O++ SOr. 


The solubility product for PbSO4 is 1.8 X 1078. Be sure to justify all approximations. 


6.20 The solubility of Mg(OH)o is increased by the addition of ammonium salts due 
to the reaction 


Mg(OH),(s) + 2NH} = 2NH,-+ 2H,0+ Mg**. 


Calculate the equilibrium constant for this reaction if the solubility product of 
Mg(OH): is 5.5 X 107!7, and the basic dissociation constant of ammonia is 1.8 X 107°. 
Find the solubility of Mg(OH)se in a solution that contained 1.00 1/ NH4Cl before 
addition of Mg(OH)e2. Refine the answer to within 5% of the exact value. 


6.21 A solution is prepared by dissolving 0.200 mole of sodium formate, HCO2Na, 
and 0.250 moles of formic acid, HCOeH, in approximately 200(-£50) ml of water. 
Calculate the concentrations of H30* and OH~. The dissociation constant of formic 
acid is 1.8 X 1074. 


6.22 Into 1.00 liter of a solution of 0.250 1/ HCl is placed 0.600 mole of solid sodium 
acetate. Assume that no volume change occurs, and calculate the concentration of 
O\cee@ Xe) HeO™, and OH—. 


6.23 A solution of an unknown acid was titrated with base and the equivalence point 
reached when 36.12 ml of 0.100 Af NaOH had been added. Then 18.06 ml of 0.100 .V 
HCl were added to the solution and the measured pH was found with a pH meter to 
be 4.92. Calculate the dissociation constant of the unknown acid. 


6.24 Consider a solution of carbonic acid, whose initial concentration is 0.04 Jf 
HeCO3. A certain amount of base is added until the pH of the solution reaches 5. 
The first and second ionization constants of carbonic acid are 4.2 X 107% and 4.8 X 
10—!! respectively. Calculate the following concentration ratios: (HCO, ]/[H,CO,], 
[(COs]/[HCO J], [COF]/[H,CO,]. Calculate the fraction of the total carbonate material 
that is presert as H2CO3 at pH 5. Similarly, calculate the fraction of the total car- 
bonate material that is present as HCO Z and as CO? at this pH. Repeat the calcula- 
tions for pH 7, pH 9, and pH 11, and plot for each species the fraction present as a 
function of pH. 


6.25 From the second ionization constant of carbonic acid, calculate the equilibrium 
constant for the hydrolysis of carbonate ion to the bicarbonate ion, HCOZ. From 
this, compute the bicarbonate and hydroxide ion concentrations in a 0.050 Jf NaeCO3 
solution. Is the hydrolysis of HCO, to H,CO, important in this instance?) Why? 
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6.26 Find the concentrations of H30* and OH™ in a solution prepared by adding 
0.250 mole of Na2CO3 and 0.300 mole of NaHCO3 to 250 ml of water. 


6.27 A carbonate buffer solution is prepared by dissolving 30.0 gm of NaeCO3 in 
390 ml of water and adding 150 ml of 1.00 1/ HCl. Calculate the pH of the solution. 


6.28 An unknown student takes an unknown weight of an unknown weak acid, dis- 
solves it in an unknown amount of water, and titrates it with a strong base of unknown 
eoncentration. When he has added 10.00 ml! of base he notices that the concentration 
of H30+ is 1.0 X 10-° Af. He continues the titration until he reaches the equivalence 
point for removal of one proton. At this time his buret reads 22.22 ml. What is the 
dissociation constant of the acid? 


6.29 A solution is prepared by adding 2.05 gm of sodium acetate, NaCoH3Q02, to 
100 ml of 0.100 JJ HCl solution. What is the resulting concentration of H307? 
A subsequent addition of 6.00 ml of 0.100 .1/ HCl is made. What is the new concen- 
tration of H30T? 

6.30 Cuprous ion forms an ammonia complex which dissociates in stages, according 
to the reactions 


Cu(NH3)} = Cu(NH3)+t+NH3, K, = 2X 10-5, 
Cu(NH3)t = Cut+ NHs, Ko = 6X 1077. 


Consider now a purc solution of Cu(NH3)2Cl. (a) Give the relation between the con- 
centrations of NH3, Cu(NH3)t, and Cut. (b) Use this relation to express the concen- 
tration of NH3 as a function of the concentration of Cu(NH3)5 and various constants. 
(c) Calculate the concentration of ammonia in a solution of 0.01 Jf Cu(NH3)eCl to a 
first approximation. Are further approximations necessary to obtain 5% accuracy? 


6.31 The three dissociation constants for the successive ionization of phosphoric 
Poem. are Ay = 7.5 X 107°, Ko = 6.2 X 10-8, and K3 = 1X 107!4. From 
the equilibrium constants, determine the principal species of phosphate material 
ieee eo PO 7, HPOT, or EO) at the following values of the pH: 1, 5, 10, 14. 
What is the pH of a solution of equimolar H3PO4 and HePO;? Is the fraction of 
phosphate material present as HPOT and PO;* important in such a solution? 


6.32 What is the concentration of H30* in a pure solution of: (a) NaHsaPQO4; 
(b) NazaHPOg; (c) 1 AL Na3PO4? 

6.33 What is the concentration of H3O7* in a solution prepared by adding to 300 ml 
of 0.500 Jf H3PO4 (a) 250 ml of 0.300 1 NaOH; (b) 500 ml of 0.500 1 NaOH; 
(c) 40 ml of 1.00 1 NaOH? 

6.34 A solution contains a mixture of two weak acids, 0.05 JJ HA and 0.01 J/ HB, 
which have dissociation constants of 2X 107° and 6 X 107°, respectively. Find the 
charge balance equation for this system, and use it to derive an expression which gives 
the concentration of H30* as a function of the concentrations of HA and HB and 
various constants. What is the concentration of H3O07 in this solution? 
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CHAPTER 7 


OXIDATION-REDUCTION 
REACTIONS 





In Chapter 6 we pomted out that acid-base reactions form a large class of 
chemical processes that have in common the act of proton transfer. There is an 
equally large and important group of reactions that all involve electron transfer 
in etther an obvious or subtle way. We are referring, of course, to oxidation- 
reduction reactions. I*or instance, 


ix + Curt = Zn"* - Cu est 


is an example of an oxidation-reduction reaction in which the feature of electron 
transfer is clear, while 


ZOO SO — 2005 


is also an oxidation-reduction reaction, but one in which electron transfer is not 
so obvious. 

One might ask how the term “oxidation” became generalized so as to apply 
to reactions in which electrons were transferred, regardless of whether oxygen 
was Involved. Once it is recognized that in the oxidation 


Zn + $02 = ZnO, 


each zine atom has lost two electrons and has become a zine ion Zn**, and 
? 





that the same change occurs in 
“nN + Cl» = ZnClo, 
Zn — 2H “(aq) = Zn** (aq) + Ha, 


then it seems logical to refer to all processes in which zine loses electrons as 
oxidations. The same argument can be applied to the reactions of any substance, 
aud so it is a useful generalization to say that a chemical substance is ox7dized 
when it loses electrons. 

The loss of electrons by one substance must be accompanied by the gain of 
electrons by some other reagent, and this latter process is called reduction. 
In reaction (7.1) the metallic zine is oxidized to Zn**, and Cut* is reduced to 
metallic copper. It 1s common to call the substance that brings about the redue- 
tion of another a reducing agent or a reductant, and the substance responsible 
for oxidizing another is called an oxidizing agent or an oxidant. In reaction (7.1), 
zinc is a reductant (and is oxidized) and Cu*™ is an oxidant (and is reduced). 


7.1 OXIDATION STATES 


The oxidation state concept 1s derived from the necessity to describe the changes 
brought about by oxidation-reduction reactions. lor simple monatomic sub- 
stances, It 1s convenient and direct to define the oxidation state or oxidation 
number as the atomic number of the atom minus the number of orbital elec- 
trons, or more simply, as the net charge on the atom. Thus the oxidation states 
of s_, Cl, Cu™, Co™, and FeT? are —2, —1, +1, +2, and -+3 respectively. 
The oxidation state of am element mn any of its allotropic forms 1s always zero. 

While there is a direct relation between oxidation state and the net charge 
on a monatomic species, the extension of the oxidation state concept to poly- 
atomic species is less clear-cut. We might ask what the oxidation state of each 
atom in H2O or NOs is, for example. If we insist that the oxidation state is 
the actual charge on an atom in a molecule, then to assign oxidation states would 
at the very least require a detailed knowledge of the exact charge distribution 
11 the molecule. This information is virtually never available. However, we 
can extend the oxidation state concept to polyatomic systems if we abandon 
the idea that the oxidation state is the true charge on an atom. We have only 
to decide arbitrarily that in a compound such as NO, the oxygen atom will be 
assigned an oxidation state of —2, just as it is in the compound ZnO. This 1s 
equivalent to saying that the oxygen atom in NO ts arbitrarily assigned 10 of 
the 15 electrons in the molecule. The nitrogen atom must be assigned 5 elec- 
trons, 2 less than its atomic number, and consequently it has an oxidation state 
of +2. 

The assignment of —2 as the oxidation state of the oxygen atom m NO was 
arbitrary, and we must not suppose that there is actually a charge of —2 on 
the oxygen atom, and a +2 charge on the nitrogen atom. Indeed, the experi- 
ineutal evidence is to the contrary, and indicates that the 15 electrons are 
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nearly equally distributed around the two nuclei. However, even though the 
assignment of oxidation numbers in polyatomie molecules 1s an arbitrary pro- 
eedure, and may have very little to do with the actual eharge distribution in 
these species, it is still useful, as we shall see. Here then is the set of rules used 
to assign oxidation states in polyatomic moleeules: 


1. The oxidation state of all elements in any allotropie form is zero. 


2. The oxidation state of oxygen is —2 in all its eompounds exeept peroxides 


like HoO. and NaoQso. 


3. The oxidation state of hydrogen is +1 in all its eompounds execpt those with 
the metals, where it is —1. 


4, All other oxidation states are selected so as to make the algebraic sum of the 
oxidation states equal to the net eharge on the molecule or ion. 


It is also useful to remember that certain elements almost always display the 
same oxidation state, +1 for the alkali metals, +2 for the alkaline earth metals, 
and —1 for the halogens, exeept when they are eombined with oxygen. 

As an illustration of the applieation of these rules, let us deduee the oxidation 
states of Cl and N in the ions CIO, NO, and NO3. In the case of CIO, we 
first assign oxygen an oxidation state of —2, and then deduce the value for 
chlorine by rule 3: 


oxidation state of O + oxidation state of Cl = —1, 
—2-+ oxidation state of Cl = —l, 
oxidation state of ClH = —1+2= +1. 


By asimilar proeedure we ean decide that in NO, the oxidation state of nitrogen 
is +8, and in NO3;, it is +5. 
To see one of the uses of oxidation numbers, eonsider the reaetion 


ClO~ + NOg = NO3 + Cl. 


The net eharge on the ehlorine and nitrogen eontaining ions is the same m 
produets and reactants; so if this reaetion is an oxidation-reduetion proeess, 
the feature of eleetron transfer is not at all obvious. In faet, one might look 
upon this reaction as an orygen atom transfer from ClO™ to NO . However, 
by using oxidation numbers we ean see that chlorine has been reduced from the 
+1 state in ClO~ to the —1 state in C17, while nitrogen has been oxidized from 
the +3 state in NO» to the +5 state in NO3. 
Contrast this example with the reaetion 


2CCl4 + KeCrO, = 2CleCO + CrO2Cl, + 2KCI. 


Is this an oxidation-reduetion reaction? The introduetion of oxygen into a 
carbon eompound certainly makes it look so. To be sure, let us ealeulate the 
oxidation state of ehromium in KoCrOy and CrOoCls. In the first instanee we 
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need consider only the ion CrO,. Assignment of —2 to the four oxygen atoms 
means that chromium must have an oxidation number of +6, if the net charge 
on the ion is —2. In chromy! chloride, CrO2Cle, assignment of —2 to each 
oxygen atom and —1 to each chlorine atom requires that the chromium ion 
again be in the +6 oxidation state. Therefore, chromium has not changed its 
oxidation state in the reaction. By following the convention that the oxidation 
state of chlorine 1s —1 except when it is combined directly with oxygen, we 
conclude that chlorine has not changed its oxidation state in the reaction. 
Finally, carbon has remained m the same oxidation state, +4 m CCl, and +4 
in CleCO. Thus the reaction is not an oxidation-reduction process. 

These two examples show us that one of the important uses of the oxidation 
state concept is to provide an electron bookkeeping device that allows us to 
recognize an oxidation-reduction reaction. A second use of the concept is to 
provide a framework within which chemical similarities may be recognized and 
chemical properties correlated. For example, the acidic properties of the transi- 
tion metal ions in the +2 state are quite similar, and the same may be said for 
the +3 ions. However, the +3 1ons as a group are distinctly more acidic than 
the +2 ions, and this increase of acidity with oxidation number is found quite 
generally in the chemistry of other elements. In our study of the descriptive 
chemistry of the elements we shall find other examples of the correlation 
between chemical behavior and oxidation state. Finally, the oxidation state 
concept is useful in balancing the equations of oxidation-reduction reactions, 
as we shall see later in this chapter. 


7.2 THE HALF-REACTION CONCEPT 


A most remarkable feature of oxidation-reduction reactions is that they can 
be carried out with the reactants separated in space, and linked only by an 
electrical connection. Consider Tig. 7.1, an illustration of a galvanic cell which 
involves the reaction between metallic zine and cupric ion: 


Zn(s) 4+- Cut *(aq) — Culs) + Zn* * (aa). 


The cell consists of two beakers, one of which contains a solution of Cut* and 
a copper rod, the other a Zn*™* solution and a zinc rod. A connection is made 
between the two solutions by means of a “salt bridge,” a tube containing a 
solution of an electrolyte, generally NH4NO3 or KCl. Flow of the solution 
from the salt bridge is prevented either by plugging the ends of the bridge with 
glass wool, or by using a salt dissolved in a gelatinous material as the bridge 
electrolyte. When the two metallic rods are connected through an ammeter, 
there is immediately evidence that a chemical reaction is occurring. The zme 
rod starts to dissolve, and copper is deposited on the copper rod. The solution 
of Znt++ becomes more concentrated, and the solution of Cutt becomes more 
dilute. The ammeter indicates that electrons are flowing from the zinc rod to 
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A galvanic cell. 





Cut +(aq) 
SOF(aq) 


the copper rod. This activity continues as long as the electrical connection and 
the salt bridge are maintained, and visible amounts of reactants remain. 

Now let us analyze what happens in each beaker more carefully. We note 
that electrons flow from the zine rod through the external circuit, and that 
zine ions are produced as the zine rod dissolves. We can summarize these 
observations by writing 


Zn = Zn**(aq) + 2e— (at the zinc rod). 


Also, we observe that electrons flow to the copper rod as cupric ions leave the 
solution and metallic copper is deposited. We can represent these occurrences by 


9e— + Cutt(aq) = Cu (at the copper rod). 


In addition, we must examine the purpose of the salt bndge. Since zine ions 
are produced as electrons leave the zinc electrode, we have a process which tends 
to produce a net positive charge in the left beaker. Similarly, the arrival of 
electrons at the copper electrode and their reaction with cupric ions tends to 
produce a net negative charge in the right beaker. The purpose of the salt 
bridge is to prevent any net charge accumulation in either beaker by allowing 
negative ions to leave the right beaker, diffuse through the bridge, and enter the 
left beaker. At the same time, there can be a diffusion of positive ions from left 
to nght. If this diffusional exchange of ions did not occur, the net charge 
accumulating in the beakers would immediately stop the electron flow through 
the external circuit, and the oxidation-reduction reaction would stop. Thus, 
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while the salt bridge does not participate chemically in the cell reaction, it is 
necessary if the cell is to operate. 

The analysis of the operation of this galvanic cell quite naturally suggests 
that the overall oxidation-rcduction reaction can be separated into two half- 
reactions: 

Zn = Zntt + 2e7 oxidation 
2c— + Cutt = Cu reduction 
Zn + Cutt = Zntt+ Cu 


Many other oxidation-reduction reactions can be carried out successfully in 
galvanic cells, and it is natural to think of these cell processes as separated 
into the half-reactions which occur at the two electrodes. However, any oxida- 
tion-reduction reaction occurring under any circumstances can be conceptually 
separated into half-reactions. The benefits are these: 


1. The half-reaction concept can aid greatly in the balancing of oxidation- 
reduction equations. 


bo 


Half-reactions form the framework used to compare the strength of various 
oxidizing and reducing agents. 


In the next two sections we shall examine these items in detail. 


7.3 BALANCING OXIDATION-REDUCTION REACTIONS 


The “half-reaction method” of balancing oxidation-reduction equations con- 
sists of four steps: 


1. Identifying the species being oxidized or reduced. 

2. Writing separate half-reactions for the oxidation and reduction processes. 

3. Balancing these half-reactions with respect to atoms and elcctrical charge. 
4 


. Combining the balanced half-reactions to form the overall net oxidation- 
reduction reaction. 


We shall illustrate these steps by balancing the equation for the reaction 
H20.+ 17 — I.+ HO, 


which occurs in an acidic aqueous solution. 

Use of oxidation numbers tells us immediately that the iodide ion 1s oxidized 
from the —1 state to clemental iodine, whose oxidation number is zero. Similarly, 
the oxidation state of oxygen in H2Q¢e is —1, while in HO it is —2, so that 
hydrogen peroxide is being reduced to water. Therefore, we have 


I~ — lo, oxidation, 


H.O. — H.O, reduction. 
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With the oxidation and reduction processes identified, and “skeleton” half- 
reactions written, we pass to the third step of the balancing procedure. We can 
balance the oxidation of iodide chemically by writing 


oL= — ie 


but this is still not a balanced equation, since the net charge on the reactants 
and products 1s not the same. However, the oxidation process amounts to 
removing one electron from each of two 1odide ions, so we have 


2 Io +- 2Cr 


as a half-reaction balanced with respect to atoms and net charge. 
We can start balaneing the reduction process by writing 


HO. is 2H.O, 


which balances with respect to oxygen atoms, but not with respect to hydrogen 
atoms. We must add some form of hydrogen to the left-hand side; the problem 
is to decide on the appropriate reagent. Examination of the overall reaction 
shows that hydrogen appears only in the +1 state in both reactants and products. 
Since hydrogen is not oxidized or reduced in the reaction, any hydrogen we 
introduce in balancing the half-reactions must be in the +1 state. Since the 
reaction occurs in acidic aqueous solution, protons are available, so we can 
write* 


PA 2 + H,O0>2 =? 2H,.0, 


which balances the half-reaction chemically, but not electrically, since the net 
charge on each side is not the same. We can remedy this by adding two elec- 
trons to the left-hand side to obtain 


4 -+- 9Ht + H.Oo = 2H.O, 


which is the balanced half-reaction for the reduction process. 

Before we carry out step 4, we note that in balancing the separate half- 
reactions, we made use of the general requirements of atom and charge conserva- 
tion, but did not use the oxidation number concept. Let us see whether the 
numbers of electrons introduced into these half-reactions on the basis of charge 
balance are consistent with the changes in oxidation numbers. In the oxidation 
of iodide ion to iodine, the oxidation number change is from —1 to O for each 
of two 1odine atoms, and this is consistent with the two electrons appearing on 
the right-hand side of the half-reaction. In the reduction of hydrogen peroxide, 
each of two oxygen atoms is reduced from the —1 to the —2 state, which means 


* Here we are reverting to the practice of writing the aqueous proton simply as Ht 
instead of H307*. This procedure simplifies the appearance of oxidation-reduction 
equations by decreasing the number of water molecules that must be written. 
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that two electrons are needed for each hydrogen peroxide molecule, as we have 
found already. Therefore the half-reactions we have written are consistent with 
the principles of atom and charge conservation and our conventions regarding 
oxidation states. 

To write a balanced net reaction, we must combine the two half-reactions so 
that electrons do not appear as reactants or products. This can be done very 
simply mm our present example; we merely add the two half-reactions as they 
stand: 

2. = I, + 2e— 
2e— + 2H*t + HO. = 2H20 
2Ht + 2I- + HO, = 2H,0 + I, 


Since each half-reaction was balanced chemically and electrically, so is the net 
reaction. 

The use of half-reactions permits us to balance equations using only the 
principles of atom and charge conservation, and to reserve oxidation numbers 
for use as a check on our work. As a more challenging example of the procedure, 
consider 


H 
| 
Jel O O O 
\ 4 NF 
C C 
fall | H H | H 
S Va ~ a 
+ CreOF = + Crt 
ma i a Ss 
H H 
Benzaldehyde Benzoic acid 


It might be rather tedious to compute the oxidation numbers in benzaldehyde 
and benzoic acid, and we do not need to do so in order to balance the equation. 
We start with 

CsH;CHO — CgH;COOH 


and balance chemically by writing 
e7H CHO HOG COOH 2H ™, 


which is a way of introducing the oxygen atom in the —2 state required on the 
left-hand side. The charge balance requirement results in two electrons appear- 
ing on the right-hand side, so the completed half-reaction ts 


CsH,;CHO + H.O = CsH;COOH + 2H™ + 2e7. 


To check, we note that the swm of the oxidation numbers of seven carbon atoms 
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in CgH;CHO inust be —(6 — 2) = —4, since there are six hydrogen atoms in 
the +1 state and one oxygen atom in the —2 state, and the molecule is un- 
charged. Similarly, the swm of the oxidation numbers of the seven carbon atoms 
in CgH;COOH is —(6 — 4) = —2, since there are two oxygen atoms in the —2 
state in benzoic acid. Therefore the net change in the oxidation numbers of the 
carbon atoms is —2+ 4 = +2, which means that the molecule loses two 
electrons as it is oxidized. This is consistent with the wav in which our half- 
reaction 1s written. 
To complete the example, we must balance 


CrsO7 => 2Or 
Introducing H™ on the left and H,O on the right gives 
14Ht + Cro.07 — 2Crt? + 7H.0. 


To balance the half-reaction electrically we need 6 electrons on the left-hand 
side, so we get 


6e— + 14H* + CroO7 = 2Cr*? + 7H.0. 


Tinally, to eliminate electrons from the overall reactions we must add the two 
half-reactions as follows: 


3 x [C,H.CHO + H,O = C,H;COOH + 2H™ + 2e7] 
1 X [6e7 + 14H* + Cr.07 = 2CrT? + 7H,0] 
3C,H;CHO + CroO7 -- SHt = 3C,.H;COOH — ICiae -- 4H.O 


Our two examples have shown that in order to achieve material balance 
with respect to oxygen in the —2 state and hydrogen in the +1 state, we may 
introduce protons and water molecules as needed on either side of the half- 
reactions. This is true as long as the reaction being balanced is taking place in 
acidic aqueous solution. However, for reactions which occur in basic solution, 
the procedure is slightly different, as we shall see from our next example. We 
shall balance 


ClO~ + CrOg — CrO,z + CIT (basie solution). 
The half-reaction involving chlorine is 
ClO~ => Cl-. 


Oxygen in the —2 state must appear in the products, and since we are dealing 
with a basic solution we might introduce it either as OH™ or H2O. In order to 
avoid deeiding which should be used, we first use oxidation numbers to decide 
how many electrons must appear, then use charge balance to decide where and 
how much OH™ must be used, and finally complete the balaneing by adding 
H.O where required by the atom conservation principle. 
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Thus, we say that the reduetion of ehlorine from the +1 state in ClO7~ to 
the —1 state in Cl~ requires two electrons on the left-hand side of the equation: 


2e + CIO™ — CL. 


It is now clear that to aehieve charge balance, we must add OH~ to the right- 
hand side: 


2e— + C1IO™ — Cl” + 20H-. 


Finally, chemieal balanee is reaehed by adding water to the left-hand side, 
which gives 


2e + HoO+ ClO” = Cl” + 20H-. 
It is true that we might have started with 
ClO~™ —> Cl, 


and immediately aehieved ehemieal balance by adding a water moleeule to the 
left, and two hydroxide ions on the right: 


ClO- + H.O — Cl” + 20H -. 


Then by eharge balanee two eleetrons are required on the left, and the balaneed 
half-reaetion results, without the use of oxidation numbers. However, the 
immediate introduction of OH™ and H2O is often a confusing proeedure, and, 
as we have pointed out, it ean be simplified by using oxidation numbers in the 
balaneing proeess. 

To finish the problem, we balance 


CrOsz = CrOs, 


by noting that the chromium atom ehanges from the +3 to the +6 state, so 
three electrons are required on the right: 


CrO; — CrO, + 3e7. 
Charge balance requires that 40H™ must appear on the left to give 
4OH~ + CrO, — CrO, + 3e°, 
while material balanee requires 2H.O on the right: 
4OH7~ + CrOg = CrO, + 2H,O + 3e™. 
To obtain the net reaetion, we eombine the half-reaetions by writing 


3 X [2e~7 + H_O + ClOT = Cl” + 20H] 
2x [4O0H7~ + CrO, = CrOg + 2H2O + 3e7] 
20H™ + 8ClO™ + 2CrO, = 38Cl7 + 2CrO4 + HO 
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As our final example, we choose a disproportionation reaetion, where one 
substanee 1s both oxidized and redueed: 


Pat Os = hha Heros. 


The oxidation proeess is 


se hl POs 


In the hypophosphite anion, Hz?0O3, phosphorus js in the +1 oxidation state 
J ) aco)! ? 
so that four eleetrons must be produced in the half-reaetion as written: 


P, => 4HpOa eae 


We need only add 80H™ to the left-hand side to achieve charge and chemical 
balanee: 
SOH™~ + P4 = 4H2PO, + 4e-. 


The reduction reaetion 1s 
le = 4PHs. 


Sinee phosphorus changes from the 0 state to the —3 state, 12 electrons are 
needed on the left-hand side and 12 hydroxide ions must be added to the right- 
hand side of the equation. This gives us 


12e — 12H.O + Py —= 4PH, |. IPAChal— 
when the reaction is balanced chemically. To obtain the net reaction we write 


3 x (SOl= 5 Py — HP On - ema 
1 x [12e— + 12H,0 + P, = 4PH, + 120H-] 
120H— 24P) 4 19H,0 = 12HsP0; + 4ere 


The four examples we have discussed illustrate most of the difficulties that 
can arise in balancing oxidation-reduction equations. 
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In Section 7.2 we used the qualitative features of galvanic cells to show the 
natural origin of the half-reaction concept. In this section we shall discuss 
electrochemieal cells more thoroughly to see how they ean be used to give us a 
quantitative comparison of the strengths of oxidizing and reducing agents. 

lirst let us examine a few of the eommon types of electrodes that are used in 
galvanie cells. Very often the electrodes are metals that are “active” in the 
operation of the cell. That is, the metallic eleetrodes are dissolved or formed 
as the cell reaction proceeds. As an example, we already have the zine and 
copper rod electrodes which are respectively consumed and formed as the 
reaction 

Zn + Cutt = Zntt++ Cu 


runs from left to right. 
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Also common are inert or “sensing” eleetrodes which are left unchanged by 
the net ccll reaction. I*or example, consider the cell shown in Fig. 7.2. In the 
left beaker there 1s a mixture of ferrous and ferrie ion solutions and a platinum 
strip, While in the right beaker there is the familiar copper electrode in contact 
with a solution of cupric ion. As the ccll operates, copper metal is oxidized and 
ferric 10n is reduced: 

Cu + 2FeT? = 2Fett + Cutt. 


Thus at the platinum electrode, ferric ions acquire electrons and become ferrous 
ions, while the clectrode remains unchanged. In order to remain unchanged by 
the ecll reaction, the electrode must be made of inert material; platinum and 
carbon are the two substances most commonly uscd. 


A galvanic cell. The half-cell on the 
left makes use of a platinum strip as 
an inert sensing electrode. 






Fet*3(aq) 
Be* *(aq) 
SO7(aq) 





Cut *(aq) 
SOF(aq) 


A third common type is called a “gas electrode” and is actually quite closely 
related to the inert eicctrode just discussed. Tigure 7.3 shows a hydrogen gas 
electrode operating in conjunction with a copper half-ccll. The overall cell 
reaction in this case is 


Ho(g) + Cu**(aq) = Cu(s) + 2H (aq). 


The hydrogen gas electrode is a piece of platinum whose surface is saturated 
by hydrogen gas at l-atm pressure. The surface of the electrode scrves as a 
place where hydrogen molecules can be converted to protons by the reaction 


Ho(g) = 2H*(aq) + 2e-. 
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FIG. 7.3 


268 


Depending on the direction of the overall cell reaction, the reverse process may 
also occur at the gas electrode. Thus the platinum metal itself is left unchanged, 
and serves to deliver or remove electrons as needed. In order to increase the 
rate at which oxidation or reduction can occur, the surface area of the gas 
electrode 1s increased by the deposition of finely divided platinum. 

Now we return to the cell made up of the zine and copper half-cells shown in 
lig. 7.1, and this time imagine the electrodes connected to the terminals of a 
voltmeter. A few experiments would show that at a constant temperature, the 
voltage of the cell is a function of the ratio of the concentrations of the zine and 
cupric ions. If the temperature is 25°C, and the concentrations are equal, the 
voltmeter reads 1.10 volts. If the zine ion concentration is increased, or the 
concentration of cupric ion decreased, the voltage decreases, and vice versa. 





Pt 
Hae = 
Ci | 
\ J f° i, / 


| 


, as 


A galvanic cell in which the 
half-cell on the teft uses a 
hydrogen gas electrode. 


Cut *(aq) 
SO7(aq) 


Let us now imagine the copper-cupric ion half-cell replaced by a half-cell 
consisting of a silver wire immersed in a solution of silver nitrate. Once again 
experiments would show us that the voltage of the cell depends on the ratio of 
the ton concentrations, and when these are equal, the cell potential is 1.56 volts. 
This is substantially larger than the voltage produced by the zine-copper cell 
operating under the same concentration conditions. Thus we see that the 
voltage of a galvanic cell is characteristic both of the chemical substances in- 
volved in the cell reaction and of their concentrations. To facilitate comparison 
of different galvanic cells, each should be characterized by a voltage measured 
under some set of standard conditions of concentration and temperature. The 
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standard conditions that have been chosen are 1-A/ eoncentration* for all dis- 
solved materials, l-atm pressure for all gases, and for solids, their most stable 
form at 25°C. The voltage measured under these conditions is ealled the stand- 
ard cell potential, and is given the symbol Ag?. 

The standard cell potential is a very useful and important quantity. In the 
first place, A&° in part determines the amount of work that the galvanie cell 
ean do when it Is operating under standard conditions. Imagine that the ter- 
minals of the cell are conneeted to an eleetric motor of 100% efficiency. Then, 
when a current 7 flows through the voltage difference A&° for a time ¢, the work 
performed is 

As® Xi Xt = electrical work, 


and sinee the product of current and time is the total charge q passed, 
As® X q = electrical work. 


Thus the work which an electrochemieal cell can do is given by the product of 
its voltage and the amount of charge it can pass. When a cell operates under 
standard conditions, its voltage A&° depends only on the chemical nature of 
the reactants and products. On the other hand, the amount of charge q that a 
given cell can deliver depends on the amount (not the coneentration) of material 
available for the cell reaction. Therefore, of the factors that determine the 
ability of an electrochemical cell to do work, only A8° is directly related to the 
chemical nature of the reacting species. 

The most important aspeet of the standard cell potential is that 1t ean be 
taken as a quantitative measure of the tendency of reactants zn their standard 
states to form produets in their standard states. In short, A&° represents the 
driving force of the chemical reaction. [igure 7.4 demonstrates the sense of this 
statement. A zince-copper standard cell, whose A8° is 1.10 volts, is connected to 
an independent, variable voltage supply such that the variable voltage opposes 
the eell voltage. An ammeter indicates the direction of the flow of electrons. 

When the variable voltage is less than 1.10 volts, the ammeter shows that 
electrons flow from the zine electrode through the external circuit to the copper 
electrode. Therefore the spontaneous eell reaction under these conditions 1s 


Vi Cpe SOE Vay 


just as it is when the eleetrodes are connected by a direct wire, or when metallic 
zinc 1s added to a solution of cuprie ton. 

If the variable voltage is increased, we find that when it reaches 1.10 volts, 
no current flows through the ammeter, and no net cell reaction oeeurs. The 
chemical “driving force” causing reactants to go to products is opposed by an 


* Actually, not 1 molar but 1 molal. However, the difference between the two is small 
and can be neglected for our purposes. 
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Zn* +(aq) 


Variable Variable 
voltage 


voltage 





Ammeter 








Zn* *(aq) 








(a) Cut +(aq) . (b) Cut+ (aq) 


The effect of opposing a cell with an external variable voltage. In (a) the external voltage 
is less than the cell voltage and electron flow is in the clockwise direction. In (b) the 
external voltage exceeds the cell voltage and the electron flow is reversed. 


external electromotive force of equal magnitude. As the variable voltage is 
increased further and becomes greater than 1.10 volts, the ammeter shows that 
the direction of the electron flow is from the copper electrode to the zine elec- 
trode. Therefore, copper is being converted to cupric ion, and zme ion to zine 
metal, so the cell reaction is 


Cite Fie Oe ea 


This is just the reverse of the spontaneous reaction of a short-circuited cell. 

It seems reasonable to take the cell potential as a measure of the chemical 
driving force of the reaction, for when the cell is opposed by a numerically 
greater electromotive force, the spontaneous cell reaction is reversed, and an 
“electrolysis” occurs. However, we must be careful to remember that at best 
the standard cell potential measures the tendency of reactants in their standard 
states to form products in their standard states, and that the driving force of the 
reaction for any other states of the reactants and products will in general be 
different. 

We have been emphasizing the significance of the magnitude of the standard 
cell potentials, and now we must introduce the convention concerning the sign 
of A&°. If a reaction proceeds spontaneously from left to right as written, its 
A&° is given a positive sign, as in 


Zn + Cutt = Cut Zn, Ag® = +1.10 volts. 
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If the spontaneous direction is from right to left, AS° is given a negative sien. 
Therefore we would have 


Cie 7n” = Cur + Zn, Ag® = —1.10 volts. 


Thus we ean say that the more positive A&° is, the greater is the tendeney of 
the reaction to proceed from left to right. 

In the case of the copper-zine eell, the value of A&® ean be accepted as a 
measure of the tendeney of zinc metal to lose electrons and beeome zinc ion, 
and of cupric ion to accept eleetrons and become eopper metal. In other words, 
A&° is asimultancous representation of the strength of zine metal as a reductant, 
and of the strength of euprie ion as an oxidant. However, in order to compare 
the strengths of various oxidizing agents or redueing agents, it would be helpful 
if we could obtain a measure of the tendeney of a given half-reaction to proceed. 
That is, we would hke to have available standard half-cell potentials, rather than 
the values of A&°®. 

We can properly regard any value of A&° as the sum of two half-cell poten- 
tials, one assoeiated with eaeh of the half-reactions in the cell. But because 
every galvanic cell involves two half-reaetions, we can never measure absolute 
values of the individual half-cell potentials, only the sum of two of them. How- 
ever, 1t 1s still possible to obtain numerieal values for the half-cell potcntials 
just by arbitrarily assigning one half-reaction a potential of zero. This pro- 
cedure is completely analogous to choosing Greenwich, England, as the zero of 
longitude, for although only differences in longitude can be measured, once one 
point 1s assigned a definite longitude, all other points also assume definite 
numerieal values. Aceordingly, it has been decided to assign the hydrogen 
gas—hydrogen ion half-reaction, 


Ho(latm) = 2H*(1 Af) + 2e7, 


a half-cell potential &° of zero volts, when the reactants and products are in 
their standard states. 

To assign half-cell potentials to other half-reaections we proceed in the follow- 
ing manner. We first measure the magnitude of the standard voltage generated 
when each half-cell 1s combined with the hydrogen half-eell. Thus, when the 
zinc—zinc 10n half-cell operates with the standard hydrogen electrode, we note 
that the measured voltage is 0.76 volt, and that electrons flow from the zine 
eleetrode to the hydrogen electrode. Henee the spontaneous eell reaction 1s 


Zn(s) + 2Ht*(1 AY) — Zntt(1 AL) + H(i atm). 
Similarly, measurement of the voltage of the copper—-eupric ion half-eell working 


with the hydrogen electrode shows 0.84 volt, and that eleetrons flow from the 
hydrogen electrode to the copper electrode. The direction of the spontaneous 
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cell reaction must be 
Cut" Mi Ho atm) Cree As aa OW By 


The information we now have allows us to say that the absolute magnitude 
of the zine-zine ion half-cell potential is 0.76 volt, and that the absolute mag- 
nitude of the copper-cupric ion half-eell potential is 0.34 volt. But should these 
voltages be given the same sign? The answer is no, for the following reasons. 
We wish, in the ease of half-cell potentials, to use the idea that the more positive 
the potential, the greater the driving force is for the reaction to proeeed from 
left to nght. Therefore, if we adopt the convention that all half-reactions be 
written as reductions, as in 


Zntt + 97 = Zn, 
oHT ++ 263 lake 
Cutt + 2e— = Cu, 


then the magnitude and sign of the half-cell potentials must reflect the relative 
tendencies of the reactions to proceed from left to right. Now, the experiments 
mentioned above tell us that in the zinc-hydrogen cell, zine metal spontaneously 
reduces hydrogen ion. Therefore, the half-cell potential of the hydrogen ion- 
hydrogen reaction must be more positive than that of the zine ion-zine reaction, 
since when the two reaetions are combined, it is the former that proceeds from 
left to right. Consequently we have 


Zntt + 2e- = Zn, 6° = —0.76 volt 


for the sign and magnitude of the zinc half-cell potential. 

Similarly, experiments with the eopper-hydrogen cell show that euprie ion 
is a better oxidant than hydrogen ion, or that the Cu**, Cu half-reaetion has a 
greater tendency to proceed from left to right than does the H™, Hz half-reaetion. 
Accordingly, the half-eell potential of the cupric ion—-copper reaction must be 
more positive than that of the hydrogen ion—hydrogen gas reaction, and by our 
measurements we have 


Cutt = 2e. = Cu, 6° = +0.34 volt. 
Our table of half-cell potentials now reads 


Zu*t + 2e- = Zn, 6° = —0.76 volt, 
2H* + 2e7- = Ho, &° = 0.00 volt, 
Cut + 2e5 = Cu, 6° = 40.34 volt, 


with mereasing voltage indicating increasing tendency of the half-reaction to 
proceed from left to right. 


OXIDATION-REDUCTION REACTIONS 7.4 


We can check the consistency of our assignments by calculating the standard 
potential of the reaction 


Zu + Cutt = Zntt + Cu 
from the standard half-cell potentials 


Zntt + %7 = Zn, 6° = —0.76 volt, 
Cutt + 2e7 = Cu, 6° = +0.34 volt. 


We must combine these reactions such that zinc metal appears on the left-hand 
side of the cquation, and clectrons are climmated. Therefore, we reverse the 
direction of the first half-reaction, and accordingly reverse the sign of its half-cell 
potential: 
Ly iy ew 6° = +0.76 
2e— + Cutt = Cu 6° = +0.34 
Zn + Cutt = Cu+ Zntt As® = 1.10 volts 


The resulting AS° is numerically equal to the experimentally measured cell 
potential. I'urthermorc, the positive sign of the calculated A&° tells us that the 
spontaneous direction of the reaction is from left to mght as written; this is also 
found experimentally. Thus our sign convention is internally consistent. 
Another cxample can illustrate the construction of a table of half-ccll poten- 
tials, and lead us to an important pomt concerning the combination of half- 
reactions and half-cell potentials. When a standard cell is constructed from 
the hydrogen electrode and a silver wire clectrode immersed in 1 AJ Agt, it 
gencrates 0.80 volt, and the hydrogen electrode 1s negative. Consequently, as 
the cell operates, electrons must be produced at the hydrogen electrode and 
consumed at the silver electrode. The spontaneous cell reaction must be 


eA ee Ne Oa 


The direction of the spontancous ccll reaction tells us that silver ion is a 
better oxidant than hydrogen ion. Thus the half-reaction 


Ag'te = Ag 
has greatcr tendency to procced as written than docs 
9HT + 2c7 = Ho. 


Therefore the half-cell potential for the silver ion-silver reaction must be 
+0.80 volt. 

Let us now combine the Ag*, Ag half-reaction with the Cutt, Cu half- 
reaction to obtain the voltage of the corresponding galvanic cell. We have 


Cutt +- 2e7 = Cu, Eo 120.34 volt, 
Aa cw — Ag, 6° = +0.80 volt. 
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To echminate electrons in the overall reaction, the direction of the Cutt, Cu 
half-reaction must be reversed, and the Ag*, Ag half-reaction itself must be 
inultiphed by two: 


Cu = Cutt + 2e7 —0.34 
VAG Sr ye I +0.80 


Cu + 2Agt = Cutt + 2Ag¢g As® = 0.46 volt 





This calculated voltage agrees with that obtained by direct measurement from 
the cell itself, and its sign correctly indicates that copper metal should reduce 
silver 10n as the cell operates. 

Note carefully that the sign of the Cut*, Cu half-cell potential was changed 
when the direction of the half-reaction was reversed, but when the Ag™, Ag 
half-reaction was multiphed by two, the half-cell potential was not. The reason 
for this is that the voltage is associated only with the driving force of a reaction, 
and is intimately connected with the direction in which a reaction proceeds. 
On the other hand, multiplying an equation by two is an operation which has 
to do only with the amounts of materials available for reaction, and not with 
the driving foree or half-cell potential. 

Now we can summarize the conventions regarding half-eell potentials: 


1. The standard hydrogen electrode is assigned a potential of exactly zero volts. 


2. When all half-reactions are written as reductions, that is, in the form 
Oxidant + ne~ = reductant, 


the reactions that proceed to the right more readily than the Ht, Ho reaction 
are assigned a positive voltage, and those that proceed with a smaller driving 
force are given negative half-eell voltages. 


3. The size Gin the algebraic sense) of the half-cell potential is a quantitative 
measure of the tendency of the half-reaction to proceed from left to right. 


4. If the direction in which a half-reaction is written is reversed, the sign of its 
half-cell potential is reversed. However, when a half-reaction is multiplied 
by a positive number, its voltage is unchanged. 

We have in this discussion adopted the convention that tabulated half- 
reactions are written as reductions proceeding from left to right. This conven- 
tion, long traditional in European countries, has been recommended and largely 
adopted for international use. The convention used in the United States until 
recently has been to write half-reactions as oxidations, as for example, 


Zn = Zntt++2e7, 6° = 0.763, 
2Cl— = Cle + 2e7, 6° — —1.36. 


Because the direction of writing the reaction has changed, the sign of &° has 
been reversed. Half-reactions tabulated in this way will be encountered fre- 
quently in older books. Reactions written according to either convention con- 
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Half-reaction 


Table 7.1 Standard reduction potentials at 25°C 


&® (volt) 


Acid solution 


oe -e- = Li 

Catt + 2e- = Ca 

Nat +e-=Na 

Lat? + 3e-=La 

Mgtt + 2e- = Mg 

AIFg2 + 3e- = Al + 6F- 
Alt? + 3e-=Al 

SiFg + 4e- = Si + 6F— 
Vtt+ + 2e-=V 

Mnt+ + 2e- = Mn 

Znt+ + 2e- = Zn 

Crt? + 3e- =Cr 

Fet+ + 2e- = Fe 

Sree -- e- = Crtt+ 

PbSO4 + 2e- = Pb + SOF 
Cott + 2e- = Co 

Nit+ + 2e- = Ni 

Pbt+ + 2e- = Pb 

D+ +e-=3De 
H+ + e~ = dHe 
Cutt + e- = Cut 


—3.045 
—2.866 
—2.714 
—2.52 
—2.36 
—2.07 
—1.66 
—1.24 
—1.19 
—1.18 
—0.763 
—0.744 
—0.44 
—0.41 
—0.359 
—0.277 
—0.250 
—0.126 
—0.0034 
O (definition) 
C153 


Half-reaction 


HgeCle + 2e—- = 2Hg + Cl- 
Cue hs 2e> = Cu 
Fe(CN)g? + e- = Fe(CN)g? 
Cur -- e-= Cu 


lo(s) + 2e— = 2/— 

Iz + 2e- =3I- 

PICIy + 2e- = Pt + 4CI- 
Fet3 + e- = Fett 


Flom -E 2e= —2He 

Agt +e—=Ag 

2Hgt+ + 2e- = ras 

Broa + 2e— = 2Br— 

lox + 6H+ + 5e— = glo + 3H20 

Oo + 2H+ + 4e- = 2H20(I) 

Cro0F + 14Ht+ + 6e— = 2Crt8 + 7H2O 
Clo + 2e- = 2CI— 

PbOo + 4H+ + 2e- = Pbtt + 2H20 
Aut? + 3e- = Au 

MnOz + 8H+ + 5e- = Mnt+ + 4H20 
O03 + 2H+ + 2e- = 02 + H20 

Fo + 2e- = 2F— 

H4XeOog + 2Ht + 2e7 = Xe03 + 3H20 


Half-reaction &® (volt) 
Basic solution 

HeAlOz + H20 + 3e- = Al + 40H— —2.33 
CrOs + 2H20 + 3e— = Cr + 40H— a= 27, 
ZnOs + 2H2O0 + 2e— = Zn + 40H— —1.21 
Sn(OH)g + 2e— = HSnOs + H20 + 30H —0.93 
HSnOs + H20 + 2e— = Sn + 30H —0.91 
HPbOs + HeO + 2e- = Pb + 30H— —0.54 
Co(OH)3 + e~ = Co(OH)2 + OH- ley 
lOz + 3H20 + 6e— = I~ + 60H— 0.26 
ClOZ + H20 + 2e—- = ClOs + 20H- O33 
Clo7 + H20 + 2e- = ClO; + 20H- 0.36 
O02 + H20 + 4e— = 40H— 0.40 
HOs + H20 + 2e- = 30H- 0.88 
CIO- + H20 + 2e— = ClI- + 20H 0.89 
HXeOz + 3H2O + 6e- = Xe + 7ZOH- 0.9 
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5° (volt) 


0.2676 
0.337 
0.36 
07921 
0.533 
0.536 
0.73 
O77, 
0.788 
0.799 
0.920 
1.087 
1.19 
1.23 
Sis: 
1.36 
1.45 
1.50 
fol 
2.07 
2.07, 
5.0 
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tain the same amount of information. We have adopted the international 
convention in anticipation of its increasingly common use. However, in using 
any table of half-eell potentials, one should at the outset ascertain the econven- 
tion that 1s being employed. 

Table 7.1 gives the half-cell potentials of a number of reactions. Such a 
table not only gives us a quantitative comparison of the strengths of oxidizing 
and reducing agents, it is a very compact way of storing chemical information. 
If the values of &° for 50 half-cells are tabulated, it is possible to calculate from 
these the values of A&®° for (50 X 49)/2 reactions. 


Example 7.1 by using Table 7.1, arrange the following substanees in order of increas- 
ing strength as reduetants: Zn, Pb, Al. Also, of Agt, Cle, 03, which is the strongest 
oxidant, and which is the weakest oxidant? 

To find the order of increasing reducing strength, we note that any reductant in 
Table 7.1 is stronger than all others below it. Therefore, reducing strength increases 
in the order Pb, Zn, Al. 

Oxidizing agents appear on the left-hand side of the half-reactions in Table 7.1, 
and any oxidant is stronger than all those above it. Therefore O3 is the strongest of 
the three oxidizing agents, and Ag? is the weakest. 
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Until now, we have been exclusively concerned with galvanic cells operating 
under standard concentration conditions, and have associated the sign and mag- 
nitude of A&° with the driving force for chemical reaction. We must be earcful 
about this use of A&°, however. Remember that A&°® tells us only whether 
products in their standard states will be formed spontaneously from reactants 
in their standard states. For example, the fact that for the reaction 


Co(s) + Nitt(aq) = Cott(aq) + Ni(s), 


As® = 0.03 volt tells us only that if both Nitt+ and Cott are present at 1-A/ 
concentrations, nickel metal will be formed, and cobalt will be converted to 
the ion. However, experiment shows that if the concentration of Nit? js 
0.01 A/, and that of Co*t is 1 J/, then the direction of the spontaneous reaction 
is reversed. Therefore, before we can predict the direction of spontancous 
reaction for anything other than standard concentration conditions, we must 
learn how the voltage of a galvanic cell depends on concentration. 

Experimental measurements of cell voltage as a function of reagent concen- 
tration show that for any general reaction 


aA + bB = cC+ dD, 
the cell voltage A& ts given by 


(LO 


0.059 | 
[A]@[B]? 


A& = As® — log 
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Here A&° is the standard eell potential, » is the number of electrons transferred 
in the reaetion as written, and the logarithm is taken to the base 10. The factor 
0.059 is eommon to all eells operating at a temperature of 25°C. This expression, 
ealled the Nernst equation, 1s substantiated by a wealth of experimental data, 
and also ean be derived from the more fundamental prineiples of thermo- 
dynamies, as we shall see in Chapter 8. 

Let us apply the Nernst equation to a speeifie example, the reaction 


Co Nit? = Cott+ Ni, <As® = 0.08 volt. 
We have 


0.059 [Cot] 
log 


A = 0.03 — —5 NFA] (7.2) 








where we have substituted 0.03 for A&°, and since two electrons are transferred 
in the reaetion as written, n = 2. Although metallie niekel and eobalt are 
involved in the net reaetion, they are not included in the coneentration term, 
smee their eoncentrations are eonstant. Thus in writing the eoneentration term 
in the Nernst equation, we follow the same conventions as in writing equiltb- 
rilum-eonstant expressions. 

If the reaction had been written 


2Coe oe Nie? = 2Cott + 2Ni, As® = 0.03 volt, 


then n would equal 4, and the appropriate Nernst equation would be 


7 0. (Comaule 
IGS G OS eee (0) Aree cers 5 (Nit +22 

_ 0.059 (Coe 

0.03 —\—-— log SNiFa 


We see from this that the form of the Nernst equation ts consistent with the 
idea that the voltage assoeiated with a reaetion is unaffeeted by multiplying 
that reaetion by a positive number. 

The Nernst equation shows that the eell voltage is related to the logarithm 
of the reagent concentrations. In the partieularly simple situation represented 
by Eq. (7.2), when the eoneentration ratio [Cott]/[Nit*] changes by a factor 
of 10, the eell voltage ehanges by an amount equal to 0.059/2, or 0.03 volt. If 
the reactant concentration is increased, or the produet eoneentration decreased, 
the cell voltage becomes more positive. For example, if [Nitt] = 1 M/ and 
[Cott] = 0.1 AM, then 





A& = 0.03 — 


oo log 0.1 = 0.03 + 0.03 


az) ().06 volt. 
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FIG. 7.5 
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Therefore, if we continue to assoeiate the magnitude of the cell voltage with the 
tendeney for the reaetion to proeeed, we can deeide that the driving foree for 


Co + Nitt(1 AY) = Cott(0.1 AL) + Ni 
is greater than for 
Co -+ Nitt(1 AL) = Cott(1 M) + Ni. 


We ean also ealeulate AS when [CoTt*] = 1 Mf and [Nit*] = 0.01 1: 





= __ 0.059 oe _ oe 
ie Uo 5 log d01 > 0.03 — 0.059 
= —0.03 volt. 


The negative value of A& means that the reaction 
Co + Nitt(0.01 Af) = Cott AL) 4+ Ni 


proeeeds spontaneously from right to left. This example shows that with a 
table of half-eell potentials and the Nernst equation, we should be able to pre- 
diet the spontaneous direetion of a reaetion under any eoneentration eonditions. 






A silver-ion concentration cell. 
Ag*(1 M) 


Ag+(0.01 M) 


The Nernst equation suggests that we should be able to generate a voltage 
by a eoneentration difference alone, even though the standard potential of a 
cell might be zero. As an example, eonsider the eell shown in Fig. 7.5. One 
half-eell eonsists of a 1 AY Ag* solution and a silver wire eleetrode, while in the 
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other half-cell a silver wire dips mto 0.01 JJ Agt. Sueh an arrangement is 
called a concentration cell. Experiment shows that a voltage is generated, and 
that the electrode immersed in the more dilute solution is negative. Therefore, 
the half-reactions that oeeur must be 


Ag(s) = Ag™(0.01 AZ) + e7 (in the dilute solution), 
e+ Agt(1 M1) = Ag(s) (in the concentrated solution), 
and the net cell reaction is 
Ag t(1 W) — Ag*(0.01 Af). 


That 1s, the spontaneous action of the eell tends to equalize the two concen- 
trations. The standard voltage of the cell reaction is zero, but the voltage 
generated in the present circumstances Is 





AL=0-— 0.059 oe 0.0] 
il 1 
—().12 VOlt. 


The faet that there is a voltage, and thus a driving foree for “reaction,” 
should not be surprising. We know that if a concentrated solution is put in 
physieal contaet with a dilute solution, the two will mix spontaneously by 
diffusion to form a solution of uniform intermediate concentration. It is this 
natural tendency for the two solutions to mix that 1s measured by the voltage 
of this concentration cell. 


Cell Potentials and Equilibrium Constants 


It is informative to use the Nernst equation to predict what will happen to 
the voltage of a galvanic cell as its reactants are consumed and its products 
formed by the cell reaetion. To be specifie, let us imagine a niekel-cobalt cell 
whose voltage initially is 0.03 volt to be short circuited by a direct connection 
between the two electrodes. Then the reaetion 


Co + Nit? = Cott + Ni 


proceeds spontaneously, and the eoneentration of Nit* decreases while the 
concentration of Cott increases. We ean also imagine that a voltmeter is 
periodically inserted in the cireuit to measure the eell potential as the reaction 
proceeds. The Nernst equation tells us that as the concentration of Nit* 
diminishes and that of Cot* inereases, the measured cell potential will decrease, 
and this 1s found experimentally. 

Now, electrons will flow through the external circuit and the reaetion will 
continue as long as there is a voltage difference between the two eleetrodes. 
However, as reactants are consumed and products formed, this voltage difference 
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becomes steadily smaller and eventually beeomes zero. At this point electron 
flow and net chemical reaction cease, and the concentrations of reactants and 
products remain constant indefinitely. These are conditions characteristic of 
chemical equilibrium, and indeed when A& = 0, concentrations of Com Grand 
Nitt have been reached such that the reaction 


Co(s) + Nit*(aq) = Cott(aq) + Ni(s) 
is at equilibrium. 
The same sort of analysis can be carried through for any reaction, so for the 


general process 


aA + 6B = cC+ dD, 


we can say that at equilibrium, 


0.059 C]‘(D]* 
A&=0= As° rae Ce log (aca me (8), 


where the subseript on the concentration term indicates that all concentrations 
are those found at equilibrium. 

The concentration term in Eq. (7.3) is equal to the equilibrium constant A 
for the reaction 


CDI" _ ¢ 
[A]@[B]? | 
Therefore, Eq. (7.3) becomes 
0 = As® — 00% tog K, 
a nds? 
oe oe 
ne 19748 10-059. (7.4) 


Equation (7.4) is particularly interesting and important, because it is an 
exact relation between K and A&°®, the two factors that we have used to measure 
the tendency of reactions to proceed toward the products. We sce that if A8&° is 
positive, K will be greater than unity, and the larger A&° is, the larger is K. 
Our criteria that a large K, or a large positive A&°, indicate a strong tendency 
for reactants to be converted to products are therefore consistent with each 
other. 

We have taken a negative value of A&° to mean that reactants in their 
standard states will not proceed spontancously to form products in_ their 
standard states. However, a negative A&° does not mean that uo products 
whatsoever will be formed from reactants. As Eq. (7.4) shows, a negative As°® 
means only that the equilibrium constant for the reaction is less than unity, 
so that from reactants in their standard states, products in some concentration 
less than the standard value will be formed. 
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Example 7.2 Calculate A&® and K for the reaction 


2Fets + 3I- = 2Fett++ ee 
From Table 7.1 we get 
e~+ Fet? = Fett, eo = rae 
7 ais on bees} Ue Se 0.536: 


We combine these half-reactions by subtracting the second from twice the first to get 
2Fets + 3I- = 2Fett++ Ie 
To obtain A&°, we subtract &° of the second half-reaction from &° of the first: 


Cee ie 0.530 — 0.235 volt. 


Therefore, 


Aree 
os 19748 /0.059 _ 119 ‘72 00-235)/0.059 Bors 5 10°. 


Thus a rather modest positive cell voltage corresponds to a large equilibrium constant. 


Example 7.3. The A&° for the reaction 
Fe+ Zntt = Zn+ Fett 
is —0.32 volt. What is the equilibrium concentration of Fe*t reached when a piece 


of iron is placed ina 1 M Znt* solution? The equilibrium constant is 


nAg’/0.059 2(—0.32)/0.059 


kK = 10 = 10 
=i 


14x10. 


Since 
7 (Fet*] 
~ [Znt+] 


a 





then when [Znt+t] = 1 M, it follows that [Fett] = 1.4 * 10711 AT. 


These examples show that connecting A&° and K allows us to measure equilib- 
rium constants that are very large or very small, by carrying out experiments 
in which all reagents have the convenient concentration of 1 AZ, or l-atm 
pressure. 

The value of the solubility product constant can be found by measurement 
of the voltage of a type of concentration cell. Suppose, for example, that a 
cell is constructed from a standard silver-silver ton half-cell, and another half- 
cell consisting of a silver wire immersed in a solution which contains 107° M Cl7 
and is saturated with respect to solid silver chloride. This combination is a 
silver-ion concentration cell, since in the second half-cell, the silver-ion con- 
centration is 


K 
+7] __ 8p 3 
[Ag aa (ele a 10 ion 
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where Kgp is the solubility product constant for silver chloride. Therefore the 
voltage generated by the cell will be 


0.059,  [Agt]s 





A& = 0 — — log 
1 [Ag*], 
3 
= = lee 10 a 


= —3 >.< 0.059 log K sp; 


since AS° = 0 for a concentration cell. For this particular cell the measured 
value of A& is +1.69 volt, so 


1.69 = —3 X 0.059 log Kgp, 
Kep = 2.8 x 107!°. 
Once again we see that measurement of cell voltages is a convenient way to 


obtain equilibrium constants that would be virtually impossible to evaluate by 
direct chemical analysis. 
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Oxidation-reduction titrations are important in analytical chemistry, and a 
discussion of them provides considerable insight into the operation of galvanic 
cells as well as the use of the Nernst equation. As an example, let us consider 
the titration of ferrous ion by ceric ion: 


Fet+ + Cet* — Fet? + Cet. (isa) 


This titration ean be earried out with the apparatus shown in [ig. 7.6. The 
ceric ion is added from the buret to a beaker containing the ferrous ion. Into 
this beaker are placed a salt bridge and a platinum wire, so that 1t may be 
operated as a half-cell against the standard hydrogen electrode. Beeause the 
voltage of the standard hydrogen half-cell is zero by definition, the voltmeter 
gives the half-cell potential of the solution bemg titrated. 

Fither of the two half-reaetions 


Cet4 + 7 = Ce™, (7.62) 
Fet? + e~ = Fett (7.6b) 


ean take place at the platinum electrode. Which of them actually determines 
the potential of the platmum wire? To answer, we first assume that after each 
amount of Cet? is added from the buret, reaction (7.5) takes place and rapidly 
reaches a position of equilibrium. Now, equilibrium between F eT oa 
Cet? and Cet? means that the half-cell potentials of reaetions (7.6) are 
identical. Therefore we may regard the beaker either as a l’e*®, Fet* half-cell 
or as a Cet*, Cet half-cell, whichever is more convenient. 
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Let us see how the half-cell potential changes as the reaetion proeeeds. If 
we think of the beaker as a Fet?, Fe*™ half-eell, its voltage is given by 


Oa sever 7] 
je (Fet3} 








a 


and this is also the voltage read by the voltmeter. At the start of the titration 
[Fe*3] = 0, so the eell potential should be infinite. In faet, it never reaches 
this value, because trace impurities and the electrical operation of the cell itself 
make [Fe**] nonzero, but even so, the initial voltage is large. 












” 
i, 
j 
— . 


Pt lal |Cet#(aq) 


lee 
Al 


Apparatus for perform- 
ing an oxidation-reduc- 
tion titration by mea- 
Suring the _ half-cell 
potential of the titrated 
solution. 


Fe* *(aq) 


Suppose now that a fraetion f of the ferrous ion has been titrated. If Cp and 
V are the initial concentration of ferrous ion and the initial volume of the 
solution respectively, the amount of ferrous ion left is CoV(1 — f), and the 
amount of ferric ion produced is CoVf. The resulting volume of the solution is 
Y ++ v, where v is the volume of ceric solution added. Therefore the voltage is 


CoV ea Ve) 
CoVf/(V + v) 
= £2 00Rae- 52 —< (7.7) 
That is, the cell voltage depends only on the fraction titrated. Aceordingly, we 


can use Itq. (7.7) to construct the titration eurve of & vs. f shown in I'ig. 7.7, 
as long as 0 < f < 1. Note that when f is equal to 0.5, & = Spe. 


& = Efe — 0.059 log 
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FIG. 7.7 
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Just as for acid-base titrations, the equivalence point of an oxidation-reduc- 


tion titration requires special treatment. 


The reason for this 1s that in our 


present example, when f equals unity, the concentration of ferrous ion is not 
really zero, but is actually some small value determined by the equilibrium 
between it and the other ions. However, even though some FeT* remains 
unconverted at the equivalence point, there must be an exactly equivalent 
amount of Ce*? present in solution, if f is truly unity. Therefore, at the equiva- 


lence point 


[(Cet4] = [Fett], (7.8a) 
(Cot?) = [ret]. (7.8b) 


Half-cell potential as a function of f, the 
fraction of Fe++ titrated with Cet‘. 


& (volts) 


1.8 


—_— 
mS 


—" 
if. 





— 
to 





Equivalence point 


1.0 


0.8 


0.6 
0 02 04 O06 OSSIEGR 2 Si 


f, fraction titrated 


Since these two relations hold simultaneously only at the equivalence point, 
we can use them to find the corresponding potential. First, we remember that 
the half-cell potential can always be written in two ways: 


& = She — 0.059 log 


= &e — 0.059 log 


Adding these expressions gives 


95 = Gn, Sea — 0.059 log 


But Eqs. (7.8) tell us that 


[FeT*] 
[Fret] 
[Cet*] 
[Cex4] 








ewe (Cer | 


[Feta[Cet4] aE? 


[Cet*] _ [Fet*] 


a 


[(Ce+3] ~ [Fet3] | 


[Fett][Ce**] 
[Fet3][Ce+4] 
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at the equivalence pomt. Therefore, under the same circumstance Iq. (7.9) 
becomes 


Oe Gre fc. — 0.059 log 1, 


Thus, Sep, the half-cell potential at the equivalence point, is the average of the 
two standard half-cell potentials. [Equation (7.10) is valid for any situation 
which involves two half-reactions with the same number of electrons. 

To calculate the half-cell potential when f is greater than unity, it 1s con- 
venient to use the expression written mm terms of the ceric-cerous half-reactions: 


[Ce] 


See ee - - . 
Sayer 0.059 log (Ce+4] 


(7.11) 


The reason for this is that after the equivalence point has been passed, the 
concentrations of both Cet* and Cet? are large and easy to calculate approxi- 
mately. In fact, the amount of Cet? present is virtually constant, because 
essentially all the Fett has been titrated. On the other hand, it is not con- 
venient to use the Nernst equation written in terms of the Fett, Fet® half-cell 
potential, because the concentration of Fe? is very small and not constant, 
and must be carefully calculated using the equilibrium constant for the reaction 
and the concentrations of the other ions. Equation (7.11) allows a much more 
direct calculation of the half-cell potential. 

Examination of the titration curve shows that the electrode potential changes 
very rapidly in the vicinity of the equivalence point. In fact, between f = 0.999 
and f = 1.001, the voltage change is 0.48 volt. It would seem, then, that the 
equivalence point could be located with great precision by following the progress 
of the titration by a voltmeter. In fact, elaborations of this idea provide the 
most elegant and convenient ways of carrying out oxidation-reduction titrations. 

Irom this titration curve we can see that in order to have a large change in 
voltage near the equivalence point, a mznimum requirement is that the cell 
voltages at f= 0.5 and at f = 1 be as different as possible. Thus the quantity 


&: — &o.5 = 4 (Efe ale Ete) = E¥e 
4(EGe —_ Sire) 
= Ag’/2 


must be as large as possible. Now, A&° is just the standard potential associated 
with the titration reaction, so since 


ro 4nnhe’ {0.059 


our requirement for a large voltage change near the equivalence point is that 
the equilibrium constant for the titration reaction must be large. lor the 
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ferrous ion—eerie ion reaction we find K to be 
059 
K aon 10° 84/0 05 
ad 14 
lf ae 
which is large indeed. 
When the two half-reactions involved in the titration reaction have different 


numbers of electrons, the expression for the potential at the equivalence point 
is somewhat different from Eq. (7.10). Let us illustrate this for the reaction 


5Fett + MnO7 + 8Ht = 5Fet? + Mn’? + 8H50, 
which involves the following half-reactions: 


FetT? + e— = Fe™™, 
MnO, + SH 450 = Nin ee tO. 


As we noted before, the half-cell potential for the titration mixture can be 
written in two ways: 
[Fe™™] 
(I'e +3] 

0.059 Mint? 
=), 


5 —* (MnOz)[H+]8 


At the equivalence point we must have 


& = Se — 0.059 log (72) 


(7.13) 


5[(\MnO;] = [Fet™], 

5[Mntt] = (Fet?], 
and therefore it follows that 

[Fet*] — [Mn07)] 


Substitution of this into Eq. (7.12) gives 


Sep = Eire — 0.059 log [MnO4] | 


§ [Mn+] Eo 


Now we multiply Eq. (7.13) by 5, add the result to Eq. (7.14), and get 
[MntT] (MInO; | 
(MnO;z] [Mn**][{H*t]® 
6Eep = Se + 5EMn + 0.059 log [H*]’, 


Seo + 58a , 0.059 
Bop = SFe 2B Ma 4 Soe 


Sep + 5&Sep = Sho + 5EMn — 0.059 log 


log [H7}°. 
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This expression shows that when the numbers of electrons in the two half- 
reactions are different, the potential at the equivalence point is the wertghted 
average of tle two half-cell potentials. Also, we can see that the potential at 
the equivalence point may be determined by the concentrations of any species 
that appear in the net titration reaction. 


7.7 ELECTROLYSIS 


Our exclusive concern has been with situations in which the spontaneous 
reaction occurring in an electrochemical cell provides a source of voltage and 
electrical power. The opposite case is that of electrolysis, where the appheation 
of an external source of voltage is used to carry out a chemical change. Electro- 
lytic processes are of great importance in industry today, and as we shall see 
in Chapter 10, were influential in the development of ideas about the electrical 
nature of matter. 

Perhaps the simplest of electrolytic processes occurs when two copper strips 
connected to opposite terminals of a voltage source are both dipped into an 
aqueous solution of copper sulfate. A current passes and at the copper strip 
eonnected to the negative terminal, more metallic copper is deposited, while 
at the other electrode copper metal is oxidized to Cutt. The electrode at 
which reduction occurs is always called the cathode, while the anode is always 
the electrode at which oxidation takes place. Thus we have 


Cutt + 2e— = Cu at the cathode, 
Cu = Cutt + 2e— at the anode. 


If the anode of such a cell is made out of impure copper (99.0%), it is possible 
to deposit at the cathode copper of a purity of 99.98%. Thus this and other 
electrolytic refining processes find considerable use in the preparation of large 
quantities of pure metals. 

Electrolytic techniques make possible the recovery of the most active of the 
elements from their compounds. A glance at a table of standard electrode 
potentials shows that such ions as Nat, Mgt, and AIT? are extremely difficult 
to reduce: 


Nat +e = Na, 6° = —2.714 volts, 
Mgtt + 9e- = Mg, 6° = —2.37 volts, 


Alt? + 3e— = Al, &° = —1.66 volts. 


In fact, there is no readily available chemical reagent that can reduce these ions 
to the metals in large quantities. As a result the commercial preparation of 
the active metals involves electrolytic reduction at the cathode, as for instance 
in the electrolysis of fused MgClo: 

Mgtt + 2e— — Mg at the cathode, 


2Cl— — Cle + 2e7 at the anode. 
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Only about 6 volts need be applied to effect such a reaction, but even this 
voltage makes the cathode of an electrolytic cell an extremely powerful reducing 
agent. 

The quantitative aspect of electrolysis is straightforward: the number of 
moles of material oxidized or reduced at an electrode 1s related by the stoichiom- 
etry of the electrode reaction to the amount of electricity passed through the 
cell. For example, 1 mole of electrons will reduce and deposit 1 mole of Ag™, or 
0.5 mole of Cut, or 0.33 mole of Alt? as suggested by the following electrode 
reactions: 

Agt -e = Ag, 
Chess — 10: 
Alt? + 3e° = Al. 


While it is convenient to “count” atoms by weighing substances, the number of 
moles of electrons delivered to an electrode is most easily measured in terms of 
total electrical charge. Since the charge of one electron is 1.6021 x 107"? 
coulomb (coul), the charge on 1] mole of electrons is 


1.6021 x 107!” coul/electron X 6.0225 X 1023 electrons/mole = 96,487 coul. 


This quantity of electricity is called the faraday and given the symbol 5. T hus 
1 faraday of electricity will reduce 1 mole of Agt or 0.5 mole of Cutt to the 
metal. 

The number of coulombs of charge passed through a cell m an electrolysis 
ean be calculated from the measured current and the length of time the current 
flows. Since 

1 ampere (amp) = 1 coul/see, 
we have 
coulombs passed = current (in amp) X time (in sec). 


With this in mind, we can calculate, for example, that if a solution of CuSQ, 1s 
electrolyzed for 7.00 min with a current of 0.60 amp, the number of coulombs 
delivered 1s 

coulombs = amperes X seconds = 0.60 x 7.00 X 60 


952 coul. 


| 


This corresponds to 


252 coul 


2 nn —3 arads 
96,487 coul/faraday 2.61 x 10~" faraday. 


Consequently, 1.30 X 107° mole of copper metal is deposited m_ this elec- 
trolysis. In the commercial production of metals like magnesium the currents 
employed are approximately 50,000 amp. This current corresponds to about 
0.5 faraday/sec, or to roughly 0.25 mole of magnesium metal deposited per 
second. 
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7.8 ELECTROCHEMICAL APPLICATIONS 


Even a casual examination of the natural world reveals an almost overwhelming 
number of examples of natural processes in which oxidatton-reduction reactions 
play a central role. Indeed, photosynthesis, the basic process which sustains 
life on earth, is the light induced reduction of carbon dioxide and water to 
carbohydrate plant material, accompanied by the oxidation of some of the 
oxygen in these compounds to the elemental state. The metabolism of foods by 
animals is nearly the exact reverse of this process: oxidation of carbohydrates 
and other food materials to carbon dioxide and water. In detail, the fundamental 
life processes are executed by a very large number of oxidation-reduction 
reactions which interact with one another in 2 subtle manner. An indication of 
the nature of some of these biologically significant oxidation-reduction reactions 
will be found in Chapter 18. For the present, however, we shall investigate the 
application of the electrochemical principles to the apparently simpler phenomena 
of the corrosion of metals, and the storage and production of energy by galvanic 
cells. 


In the United States, more than $10’ a year is lost to corrosion—the loss of 
material due to chemical attack. The mechanism of this loss is in some circum- 
stances simply the solution process. However, in the case of the oxidative 
corrosion of metals, the mechanism involved is electrochemical in nature, and 
is very closely related to the galvanic cell phenomena discussed in Section 7.4. 


2Fet?+60H— Fe.0; +3H.O 
2 Fet*+ +30,+H,0-2F et? +20H- 
| Fe Fet* (aq) +2e7 






40,+1H1,0 +2e-—OH- (aq) 


Corrosion of a wet iron spike by atmospheric oxygen. Oxidation of iron takes place 
principally at the highly stressed areas near the point. 


To analyze the corrosion mechanism of iron, consider lig. 7.8, where an iron 
spike is shown with its partially wet surface exposed to atmospheric oxygen. 
The iron spike is a highly imperfect solid: it consists of randomly oriented 
microcrystals which have imperfect lattices and which incorporate impurity 
atoms. The iron atoms near the boundaries of these microcrystals or grains are 
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relatively weakly bound, and at some sites they may easily enter the aqueous 
phase as lons: 
Fe(s) = Fett (aq) + 2e7. 


Thus certain of these grain boundaries serve as anodes, where iron is oxidized 
to ferrous ion. This process cannot long continue unless something is done to 
remove the electrons. Since iron is a good electrical conductor, these extra 
electrons can travel to sites on the iron surface which can facilitate a reduction 
reaction. If dissolved oxygen is in the aqueous phase, the reaction 


10, + HOeeeen —12Obl= 


can occur at microscopic cathodes distributed on the surface. The net result 
is the production of Fett and OH”, with the disappearance of metallic iron 
and oxygen. Further direct oxidation of the ferrous ion Is possible: 


Fett + 40. + HO = 2Fe™ + 20H . 


Finally, if Fe*? can diffuse to the region of the cathode where OH ™ is in abun- 
dance, the reaction 


oes -!- 60H es Fe.03 + 3H2O 


can occur, and the insoluble solid iron oxide, or rust, is precipitated. 

In ordinary iron objects, the cathode and anode regions are so close that the 
unaided eye cannot distinguish them, and rust apparently forms everywhere 
on a wet surface. However, even in these circumstances it is observed that 
corrosion is much more rapid if the aqueous phase contains dissolved electrolytes. 
The reason for this is quite straightforward: These dissolved electrolytes play 
the same role as does the salt bridge in a galvanic cell. The charge separation 
that would result from production of Fet* at the anode regions and formation of 
OH7 at the cathode region would slow and eventually stop the oxidation- 
reduction reaction. By providing a uniform reservoir of ions of both electrical 
charges, the dissolved salts prevent excess charge from accumulating at either 
electrode and thereby speed the electrochemical corrosion. 

There are a number of ways to inhibit or prevent corrosion. The most obvious 
is to cover a susceptible metal with a polymeric coating like paint, which 1s 
relatively impervious to moisture and oxygen. In some circumstances, the 
protective coating may be a noble metal such as gold, which cannot be spon- 
taneously oxidized by air. More commonly, the coating is a metal which protects 
itself and the substrate by formation of an impervious oxide layer. In this way, 
such metals as zine, tin, nickel, or chromium can prevent the corrosion of iron. 

For some items such as large underground tanks or pipelines, overall coating 
or plating is either impractical or not fully effective. In these cases it is possible 
to prevent corrosion by using a sacrificial anode. A block of easily oxidized metal 
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such as zinc or magnesium is placed in the earth and connected electrically 
to the object to be protected. The zine block serves as an anode, and as it 
dissolves by the reaction 


Zn(s) = Zn** (aq) + 2e7, 


it supplies electrons to the iron object, and prevents any part of it from being 
oxidized. Instead, the whole object acts as a cathode, where oxygen is reduced 
to OH™. When the sacrificial anode is consumed, it can be replaced, and the 
protection continued. 


Batteries and Fue! Cells 


Galvanic cells provide a compact, safe way of storing energy so that it can be 
delivered in a particularly useful manner: as an electrical current driven by a 
voltage difference. A large number of pairs of half-reactions have been used for 
practical applications, with the choice of reactions being influenced by such 
considerations as the availability and expense of materials, mechanical stability, 
operating temperature, total energy stored per unit weight, and safety factors. 

The most common type of battery has been the Leclanché “dry” cell. A zinc 
can forms the anode, and is consumed as the cell operates. A carbon rod in 
contact with manganese dioxide serves as the cathode, and an electrolyte of zinc 
and ammonium chlorides in water mixed with enough starch to prevent spillage 
is used. As the cell operates, the reaction 


Zn an 2\InO> a H.O = Zn(OH)» —— Mn.O3 


occurs, and produces approximately 1.2 volts. This Leclanché cell is an example 
of a “primary” cell: one that can be used once, but cannot be restored by reversing 
the current flow. Another example of a primary battery is the so-called mercury 
cell, which uses the reaction 


Zn + HgO = ZnO + Hg 


carried out in a potassium hydroxide paste electrolyte. It also produces approx- 
imately 1.2 volts. 

Secondary batteries can be conveniently recharged, or restored to nearly 
new condition by reversing the current flow. The best known example of this 
type of device is the lead storage cell, which involves the reaction 


Pb(s) + PbOo(s) + 4H T(ag) + 2807 (aq) = 2PbS0,4(s) + 2H.0. 


In operation, metallic lead is oxidized to lead sulfate at the anode, and lead 
dioxide is reduced to lead sulfate at the cathode. Since sulfuric acid is consumed 
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in this process, the specific gravity of the electrolyte decreases as the cell operates, 
and is a convenient indicator of the charge state of the battery. Kach cell of a 
commercial lead storage battery generates slightly more than 2 volts, and the 
common automobile battery consists of six such cells connected in series. To 
recharge the battery, an opposing voltage somewhat greater than 12 volts 1s 
applied to the electrodes, and the cell r action is reversed, with lead sulfate being 
converted lead and lead dioxide. The restoration of the electrodes in the re- 
charge process is never perfect, and metallic needles and other mechanically 
unstable growths appear on the electrodes. Eventually these growths produce 
internal short circuits and the cell operation ceases. 

The major virtues of the lead storage battery are its reliability, lifetime, and 
relative simplicity. However, its hquid electrolyte is a disadvantage, as is the 
great weight of lead which is required to deliver 2 substantial current. Con- 
sequently, other secondary batteries are in use and under development. The 
nickel-cadmium cell, which operates on the reaction 


Cd -+ Ni,O; + 3H.0 = Cd(OH)2 + 2Ni(OH), 


and produces 1.3 volts, is used extensively to power small electronic devices. 
The alkali metal-sulfur cells, which use reactions like 


Die =e SLs 


produce relatively high voltages (1.9 — 2.3 volts) and have the major advantage 
that they are light in weight. Unfortunately, they operate only at elevated 
temperatures (above 350°C) and are not suitable for applications that require 
long standby and rapid starts. 

The cells mentioned so far involve the oxidation of metalhe electrodes by a 
variety of oxidizing agents. While the metallic electrode is a convenient portable 
source of small amounts of energy, it is not suitable for very large scale energy 
production. For such purposes, it would be very advantageous to have a cell 
that produces electricity by the oxidation of a readily available gaseous fuel, 
such as natural gas (CH4), carbon monoxide, or hydrogen. Some notable progress 
has been made in this direction, and a few practical fuel cells have been developed. 

Fuel cells have a great intrinsic advantage in the high efficiency with which 
they can convert the energy released in combustion of a fuel mto useful work. 
In an ordinary electric power plant, fuel (usually oil) is burned to produce the 
steam necessary to drive a turbine, which in turn runs an clectrie generator. 
The overall efficiency of converting the energy of combustion to useful work 
has been raised to 35-40 percent, and significantly higher efficiencies cannot 
be expected. In Chapter S, we shall find that the percentage efficiency 7 of steam 
turbines and other such heat engines is intrinsically limited to values given by 
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the expression 


wes 100 2 Fe | 
h 


where T;, is the Kelvin temperature at which steam enters the turbine, and 7, 
is the lower temperature at which steam leaves the turbine. In practice, 7; 
and 7. are approximately 800°K and 400°K, respectively, and the maximum 
efficiency expected is only roughly 50 percent. In contrast, a fuel cell is not a 
heat engine, and does not have this intrinsic efficiency limitation. Practical 
fuel cells convert the energy of fuel combustion to useful work with an efficiency 
of 75 percent, with the principal limitation being the heat dissipated due to the 
internal resistance of the cell itself. 


Porous Ni Porous Ni-— NiO 


H, O, 





H,+20H-—>2H,0 42e- 40.-+H,0 +2e-—20H- 


A schematic diagram of an H2-QOz2 fuel cell operating with an aqueous KOH electrolyte. 


Because of their very high efficiency and the nonpolluting nature of their 
operation, it would appear that fuel cells would be very desirable energy con- 
verters. Unfortunately, their application has been limited by the difficulty of 
finding suitable fuel-electrode-electrolyte combinations which allow rapid 
oxidation of the fuel. The most successful cell uses hydrogen as the fuel; a 
schematic diagram which illustrates its operation is shown in Fig. 7.9. Hydrogen 
at 40 atm pressure is forced into a porous nickel electrode, where it 1s oxidized 
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to water in the presence of an aqueous potassium hydroxide electrolyte. The 
half-reaction 1s 


H2(g) +- 20H (aq) = 2H20 + 2e. 


The cathode of the cell is nickel covered with nickel oxide, which catalyzes the 
reduction of oxygen: 


40.(g) + H2O + 2e~ - 20H (aq). 


Thus the overall cell reaction is the combustion of hydrogen and oxygen to 
liquid water. By using a very concentrated aqueous KOH electrolyte, the 
operating pressure of the cell can be lowered to nearly 1 atm, if the current 
demands are not great. Such low-pressure fuel cells have been used as power 
sources on some of the larger manned spacecraft. 

While hydrocarbons have been oxidized to carbon dioxide and water at 
platinum electrodes, the cost of such cells precludes their widespread use. The 
most practical way to use hydrocarbons or coal in fuel cells at present 1s to 
provide a conversion stage in which hydrogen is generated by reaction with 
steam: 


C(s) ale HO == CO =e Ha, 
CrHen+e ain nH.O = nCO =e (2n ie 1) Ho, 
CO +- H,O == COs = Ho. 


The hydrogen produced in this manner can be used after purification to power 
a conventional fuel cell. More extensive applications of fuel cells await the 
development of large coal-to-hydrogen converters or inexpensive electrodes which 
permit the direct use of carbonaceous fuels. 
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The concepts discussed in this chapter will be used throughout our study of 
chemistry. For example, a classification scheme that organizes and simplifies 
much of the descriptive chemistry of the elements is based on oxidation numbers. 
Furthermore, many of the practical operations of analytical chemistry and of 
the chemical industry involve oxidation-reduction reactions. Perhaps most 
important, however, is the discovery that galvanic cell potentials provide a 
convenient way of assessing quantitatively the tendency of reactions to proceed 
as written. What is particularly significant is that through the use of half-cell 
potentials, we have a way of expressing the intrinsic ability of individual re- 
agents to perform as oxidants or reductants. Thus we are nearer to the goal of 
expressing and understanding what is meant by chemical reactivity. Another 
step toward this goal involves the study of thermodynamics, which is the 
subject of Chapter 8. 


OXIDATION-REDUCTION REACTIONS | 7.3 


SUGGESTIONS FOR FURTHER READING 


Barrow, G. M., Physical Chemistry, 3rd ed. New York: McGraw-Hill, 1973. 

Butler, J. N., Jonic Equilibrium. Reading, Mass.: Addison-Wesley, 1964. Chapters 
1 and 11. 

Cragg, L. H., and R. P. Graham, An Introduction to the Principles of Chemisiry. New 
York: Rinehart and Co., 1955. Chapters 16 and 17. 

Daniels, F., and R. A. Alberty, Phystcal Chemistry, 8rd ed. New York: Wiley, 1966. 
Chapter 14. 


Nyman, C. J., and R. KE. Hamm, Chemical Equilibraum. Lexington, Mass.: Raytheon 
Education Co., 1968. 


PROBLEMS 


7.1 Complete and balance the following reactions which occur in acidic aqueous 
solution. 

Ieo+ He = Ht++I1-]4+ Ss) 

I~ + HeSO04 (hot, concentrated) = I2-+ SO2 

xe NO Ag? + NO 

us J NO Cuts SOF --.NO 

Soo ges lee er 0,0, 

Tie On Zn++ + NH} 

HS Os) =e ae 110 & 

ClO ga Ae,0, — Clee AsO, 7 30m 
Oe Ope O20 ONS TOT « Cre 
MnOT = MnO, cig vin) 


7.2 Complete and balance the following reactions which occur in basic aqueous 
solution. 

Al+ NO;+ OH- = AL(OH); + NH, 

PbO, + CI- = ClO~ + Pb(OH), 

NeH4 + Cu(OH)e = No + Cu 

* AgS+ CN-+ 0, = 8+ Ag(CN)> 

Clos —-- Fe(OH). = Cl~ + FeOF 

HG. CrOH)= — Cro; = OH 

CugNH.) gs O7 = 50> 7 Cuce Ni. 

ClO Fe He ClOn a C1Oe. 

V+ H,0 = vO ar ael 

ye Mn(CN)-*+ O, = Mn(CN)5? 
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73 Consult the table of standard electrode potentials, and select an oxidizing agent 
capable of transforming (a) Cl~ to Cle, (b) Pb to Pb**, and (c) Fet+ to Fet’. 

Similarly, select a reducing agent that can convert (d) Fet+ to Fe, (e) Ag* to Ag, 
and (f) Mnt* to Mn. 


7.4 Which of the following oxidizing agents become stronger as the concentration of 
H+ increases? Which are unchanged and which become weaker? (a) Cl,, (b) Cr,OF, 
(c) Fet?, (d) BinO,. 


7.5 Compare the following standard electrode potentials for the ferrous-ferric ions 
and their cyanide complexes: 


Fe: ee — ee &° = 0.77 volt, 
Fe(CN)g° +e = Fe(CN)g', & = 0.48 volt, 


On this basis, which ion, Fe++ or Fet?, is stabilized more by complexing with CN~? 


7.6 From the appropriate values of ° drawn from Table 7.1, calculate A&® and the 
equilibrium constant for the reaction 


Hgtt + Hg = Hg2~. 


7.7 By use of appropriate half-cell potentials, calculate AS® and the equilibrium 
constant for the reaction 

Fet3 + I- = Fett-+ $lo. 
State what you expect to happen when equal volumes of 2 / Fet? and 2 Al ta aire 
mixed. 


7.8 A half-cell (A) consisting of a strip of nickel dipping into a 1-Af solution i Nie 
and a half-cell (B) consisting of a strip of zine dipping into a 1-/ solution of Zntt 
were successively connected with a standard hydrogen half-cell. The magnitudes of 
the individual half-cell potentials were then determined as 

(A) Nit++ 2e- = Ni, —- [&9| = 0.25 volt, 

(B) Zn+++ 2e- = Zn, Slee tr volts 
(a) When both the half-cells (A) and (B) were connected with the hydrogen half-cell, 
the metallic electrode (Ni or Zn) was found to be negative. What is the correct sign 
of the electrode potentials? (b) Of the substances Ni, Nit*, Zn, Zn++, which is the 
strongest oxidant? Which is the strongest reductant? (c) Will a noticeable reaction 
occur when metallic nickel is placed in a 1-J/ solution of Zn++? metallic zine is dipped 
into a 1-\/ solution of Nit+? (d) Zine forms a complex ion with hydroxide ion, 
Zn(OH)>. If hydroxide ion were added to half-cell (B), would its electrode potential 
as written become more positive, less positive, or be unaffected? (e) If the half-cells 
(A) and (B) were connected together, which electrode would be negative ? What would 
the cell voltage be? 


79 An clectrochemical cell is constructed of one half-cell in which a platinum wire 
dips into a solution containing 1-1/ Fe +3 and 1-\ Fet?; the other half-cell consists 
of thallium metal immersed in 1-\/ Tl* solution. Given the following standard 
electrode potentials, 


T+ + e- = Tl, 69 = —0.34, 
Ket? + e— = Fert, S =0 ae 


I 
I 
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supply the desired information. (a) Which electrode is the negative terminal? 
(b) Which electrode is the cathode? (c) What is the cell voltage? (d) Writc the 
reaction that proceeds from left to right as the cell operates spontaneously. (e) What 
is the equilibrium constant of this reaction? (f) How will the voltage of the ccll be 
changed by decreasing the concentration of T1*? 


7.10 A galvanic cell consists of a strip of cobalt metal, Co, dipping into 1-J£ Cott 
solution, and another half-cell in which a piece of platinum dips into a 1-.)f solution of 
Cl~. Chlorine gas at l-atm pressure is bubbled into this solution. The observed cell 
voltage is 1.63 volts, and as the cell operates the cobalt electrode is negative. Given 
only that the standard potential for the chlorine—-chloride ion half-cell is 
sCle-+e- = Cl-, ee le36. Volts, 
supply the desired information. (a) What is the spontaneous cell reaction? (b) What 
is the standard potential of the cobalt electrode? (c) Would the cell voltage increase 
or decrease if the pressure of chlorine gas increased? (d) What would the cell voltage 
be if the concentration of Cot* were reduced to 0.01 AZ? 
7.11 A cell consists of a standard Ag, AgTt half-cell (1-4 Agt) combined with another 
half-cell in which a silver wire dips into a solution of 1-17 Br7~ which is saturated and 
in contact with solid AgBr. The electrode of this latter cell is negative, and the cell 
generates 0.77 volt. What is the concentration of Agt in equilibrium with 1-)f Br7 
and solid AgBr? What is the apparent solubility product of AgBr? 
7.12 Two hydrogen-hydrogen ion half-cells are connected to make a single galvanic 
cell. In one of the half-cells the pH is 1.0, but the pH in the other half-cell is not known. 
The measured voltage delivered by the combination is 0.16 volt, and the electrode in 
the half-cell of known concentration is positive. Is the unknown concentration of Ht 
greater or less than 0.1 Jf? What is the unknown concentration of H*? 
7.13 From the following standard electrode potentials, 
rie eeu omnes 
Cutt+ e— = Cut, So ez 0ullo) 
calculate the equilibrium constant of the reaction 
Cue ue te Jens 
Would you expect to be able to form appreciable amounts of Cut by reaction of 
Cu with Cu++? Consider that CuCl is a sparingly soluble salt with K,, = 3.2 X10~%. 
Calculate the equilibrium constant for the reaction 


Cu + Cutt+ 2Cl— = 2CuCl(s). 
7.14 Consider the titration reaction 
ROH) (Crt 2 ene Crt + 3h 
which involves the half-reactions 
OU fe 2h ee Oe odd 0), E0e—weDO voli 
Ore eves = Cpa 69 = —(.41 volt. 

Imagine that the titration is conducted by adding a solution of V(OH)4 from a buret 
to a solution of Cr+*+ in a beaker which is connected by a salt bridge to a standard 


hydrogen electrode assembly. A platinum wire dips into the solution to be titrated, 
and a voltmeter measures the potential of the solution with respect to the standard 
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hydrogen electrode. (a) Write an expression in terms of the concentrations of chro- 
mium species only that gives the potential of the titrated solution at any point during 
the titration. (b) Write a similar expression, but entirely in terms of the concentra- 
tions of vanadium species and hydrogen ion only. (c) What is the relation betwecn 
these two expressions at any point in the titration? (d) What is the voltage reading 
when 0.91 of the initial Cr++ has been converted to Crt+8? (e) What is the relation 
between Crt+t+ and V(OH)#, and between Crt? and VOT* at the equivalence point 
of the titration? (f) Derive an expression that shows how the voltage at the equiv- 
alence point depends on the two standard potentials and the concentration of bale 


7.15 Electrolytic cells containing as electrolytes zinc sulfate, silver nitrate, and copper 
sulfate were connected in series. A steady current of 1.50 amp was passed through 
them until 1.45 gm of silver were deposited at the cathode of the second cell. How 
long did the current flow? What weights of copper and of zinc were deposited? 


7.16 In the electrolysis of sodium sulfate, the reaction that occurs at the anode can 
be written 


9H. — 4H+-+ O2-+ 4e-. 


If a steady current of 2.40 amp is passed through aqueous sodium sulfate for 1 hr, 
what volume of oxygen measured at 25°C and l-atm pressure is evolved? 
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CHAPTER 8 


CHEMICAL 
THERMODYNAMICS 





The previous three chapters have been concerned with the quantitative descrip- 
tion of reacting systems. We have found two related ways of expressing the 
tendency of reactants to be converted to products: by use of the equilibrium 
constant AK for the reaction, or by means of its standard cell potential As?®. 
While we can describe the extent to which a reaction proceeds, as yet we have 
no insight into why some reactions have large cquilibrium constants, while 
those of other reactions are small. A study of chemical thermodynamics will 
lead us to an understanding of chemical reactivity by showing how the equilib- 
rium coustant of a reaction is related to the properties of individual reactants 
and products. The role of thermodynamics in understanding chemistry can be 
illustrated by the following diagram: 


ti :. ‘ 
oa ‘bri . Thermo- ae “* Statistical Propertics 
Squilibrium — of pure of 
constants — . substances . 
ae ~ dynamics Seater mechanics molecules 
in bulk — 


Note that thermodynamics only relates the properties of bulk matter to its 
behavior in physical and chemical processes. Its great strength 1s that it accom- 
plishes this without making any assumptions about the molecular structure of 
matter. Because thermodynamics deals only with the macroscopic, observable 
properties of matter, without assumptious of its atomic nature, it is a subject 
of very gencral applicability, and immense reliability. 
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Thermodynamic reasoning is based on three laws. Two of these, the ones of 
most immediate application to our experience, are: 


The energy of the universe is constant. 
The entropy of the universe is increasing. 


These laws are not derived. They are deduced from our experiments with the 
behavior of matter in bulk, and summarize the universal features of all our 
experience. Their generality has been demonstrated repeatedly, and we expect 
conclusions based on them to hold true in whatever new experiments we perform. 

In order to use these laws, we must know what energy and entropy are—how 
they are measured and related to other properties of matter. Once we have 
accomplished this, we will be able to show how a number of things we have 
regarded as isolated empirical facts can actually be derived from these more 
fundamental laws of thermodynamics. For example, we will be able to prove 
that for a general reaction between ideal reagents 


aA + 6B = cC+ dD, 
there should be an equilibrium constant of the form 


_ {C]{DIt 


A= (AyeBpP 


(8.1) 


That is, the existence of Eq. (8.1) is not just an isolated experimental fact; it 
is a consequence of the laws of thermodynamics and the properties of ideal 
gases and solutions. Furthermore, we shall find that we can associate a quantity 
with each compound and element, called its standard free energy, and that the 
equilibrium constant of any reaction can be expressed in terms of the free 
energies of reactants and products. Thus thermodynamics shows how the value 
of any equilibrium constant is related to the properties of individual pure 
reactants and products. This application alone makes thermodynamics an 
immensely helpful subject to the chemist. 


8.1 SYSTEMS, STATES, AND STATE FUNCTIONS 
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In performing a controlled experiment, we select the part of the universe of 
interest to us, and attempt to isolate it from any uncontrolled disturbances. 
This object, whose properties we wish to study, is called the system. All other 
parts of the universe, whose properties are not of immediate interest, are called 
the surroundings. The surroundings may influence the properties of the system 
by, for example, determining its temperature or pressure, but in a carefully 
designed experiment these influences will be controlled and measurable. 
Thermodynamics is concerned with the equilibrium states of systems. An 
equilibrium state is one in which the macroscopic properties of the system, such 
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as its temperature, density, and chemical composition, are well defined and do 
not change with time. Thus thermodynamics is not eoncerned with the rate 
at which chemical or physical proeesses oecur, nor does it attempt to deseribe 
systems while these ehanges are going on. Thermodynamic reasoning ean be 
used to tell us whether it is possible, zn principle, to go from one particular 
state of the reaetants to some partieular state of the products of a reaction, but 
it cannot tell us whether that change ean be accomplished in a finite time. 
This information may seem limited but it is still very valuable. If applieation 
of thermodynamies shows that a particular reaetion is impossible, there is no 
point to attempting to make it proceed. If thermodynamics shows the reaction 
is possible, in prineiple, then 1t may be worth the effort to accomplish it in 
practice. A notable example of this use of thermodynamics oeeurred in the 
efforts to convert graphite to diamond. Many attempts to accomplish this 
conversion in the laboratory failed, but thermodynamies showed the reaetion 
was possible under certain conditions of high temperature and pressure. This 
assuranee eneouraged researchers to continue their efforts, which eventually 
were successful. 

The deseription of thermodynamic systems is made by giving the values of 
certain quantities ealled state functions. A state function is a property of a 
system which has some definite value for eaeh state, and whieh is independent 
of the manner in which the state 1s reaehed. Pressure, volume, and temperature 
are state funetions, and there are five others whieh are important in thermo- 
dynamie arguments. State funetions have two very important properties. 
Yirst, assigning values to a few state functions (usually two or three) auto- 
matically fixes the values of all others. Second, when the state of a system is 
changed, the changes of the state functions depend only on the initial and final 
states of the system, aud not on how the change is accomplished. 

As an illustration of the first property of state funetions, eonsider the eon- 
sequence of assigning values to the volume V and the temperature 7’ of one 
mole of an ideal gas. We know that then the pressure must assume the value 
P= RT/V. Thus the value of one state funetion is automatically determmed 
by specifying the values of the volume and temperature. All other state fune- 
tious also assume definite values, although the algebraie relation between them 
and volume and temperature may be eompheated. 

To demonstrate the second property of state funetions, we need only consider 
a ehange in the state of an ideal gas from P; = latm, V, = 22.4 liters, 
fee 2/0 1S tow final state in which Po = 10 atm, Vo = 4.48 liters, and 
Ty, = 546°IX. Then we say that the pressure change* AP 1s given by 


Noe LID 


* The symbol A always stands for the operation of subtracting the inital value of a 
quantity from its final value. ThusAP = P,; — P; = P2 — P). 
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and the volume change Is 
AV = Vo — F, = 17.9 liters, 
while the temperature change 1s 
AT = 73-2 2] 2a: 


That is, the change in each of these state functions depends only on their values 
in the initial and final states of the svstem, and nof on how the change was 
accomplished. It does not matter that during the change the pressure might 
have risen to 100 atm and the volume decreased to 0.224 liter. Changes in 
state functions are determined only by the initial and final states of the system, 
and not by the path taken between them. 

This property of state functions is by no means trivial, even though it may 
seem obvious. Quantities whose values are not independent of how a change 
occurs are not state functions. For example, the angular separation between 
two points on the earth is a fixed constant which depends on the coordinates of 
the two points. On the other hand, the distance one covers in traveling between 
the points depends on the route one takes. Thus separation is a state function, 
but distance traveled is not. State functions are important in thermodynamics 
because the subject deals only with equilibrium states, and not with how a 
change in state occurs. Therefore thermodynamic decisions as to whether a 
particular change is possible must be based on the accompanying changes of 
state functions, for only these are independent of the way changes occur. 


8.2 WORK AND HEAT 
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In mechanies, work is defined as the product of a force times a displacement. 
That is 
mechanical work = foree X distance, 
OT, 


where f is a constant force applied in the direction of the displacement r. Work 
is the means by which the energy of a mechanical system is changed. .Thus, if 
we raise a mass m to a height hk against the gravitational acceleration g, we 
apply a foree mg over a distance h and do work 


(ig oh 
on the mass. We also say that we have changed the (potential) energy of the 


mass from an arbitiary amount taken as zero at the surface of the earth to a 
new value mgh at the height h. 
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If we apply a constant acceleration @ to a free particle of mass m over a 
distance ro — r,, the work done on the particle is w = ma(re — r,). But 


Bf ia 1 
(On a aaa 


where (v2 + v;)/2 is the average velocity over the distance r2 — r,, and ft is 
the time taken to travel this distanee. Also, we have 


Voz 7 = Ab: 


a 


so we get 


t 


—_ 


2 2 
MV9 MV 


> fe (8.2) 


The right-hand side of Iq. (8.2) 1s just the final kinetic energy of the particle 


minus the initial kinetic energy. Once again, the work done on a simple mechan- 
ical system is equal to the change in its energy. 


nD 
a se (r9—7 : 


= 










eee 


Jex Expansion of a gas against an external force fex. 


Area A 


A particularly important form of work is that associated with a pressure- 
volume change. Consider Fig. 8.1, which shows a gas confined by a piston 
expanding against a constant external force fex. We can again calculate the work 
as the product of the force and the displacement. However, in this and in all 
future applications, we want the symbol w to assume a special significance: w is 
the work done on the system by the surroundings. When a gas expands against an 
external force fex, it actually does work on the surroundings, so w, the work done 
on the gas, should be a negative quantity for this process. We therefore should 
write 


w= —fex(’e — 13) 


for the work done on the gas during the expansion. Note that since rg is greater 
than 7,, and fex is always taken to be positive, w is in fact negative for the 
expansion. This is consistent with our choice of meaning for the symbol w. 
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To find an expression for w in terms of pressure and volume, we can introduce 
the area A of the piston to give 


WwW = —& x A(re a ha), (S35) 


But A(r2 — 71) = AV, the volume change for the gas. Also fex/A is the force 


per unit area, or the external pressure, against which the gas expands. Thus 
Eq. (8.3) becomes 


w= —P.x AV if pressure is constant. (S.4) 


For a more general pressure-volume change in which pressure 1s not constant, 
we can calculate the work by first saying that an infinitesimal volume change 
dV produces an infinitesimal amount of work dw. Thus 


dw =— — Pex dV. 


During this infinitesimal volume change, the pressure remains virtually constant 
at Pex. The work done in a finite displacement is the sum of such infinitesimals, 
or 


V2 
w= — Pez dV. (8.5) 
Vy 


This is a general formula which allows us to compute the work, if we know how 
P.x depends on V. If the external pressure is constant throughout the expansion, 
we can take it outside the integral sign and write 


V2 
w= —Pex f Ge —P.x(V2 ~~ V1) =a — Pex Ae 


ia 


and we recover Eq. (8.4). 

Note that it is the external pressure that is used in calculating the work. 
No matter what the gas pressure is, 2 volume change does no work unless the 
system is linked to the surroundings by an external force represented by Pex. 
If this external force is zero, there is no mechanical link between the system and 
its surroundings, and no mechanical work can be done on or by the system. 

Consideration of Eq. (8.5) shows that the work done in a process depends on 
how the change from V; to V2 is accomplished. We can see this more clearly 
by referring to lig. 8.2. There are two particularly simple paths by which a 
system may change its state from P;, Vj, to P2, V2. In part (a), we first change 
the volume from V, to V2 at a constant pressure P;. Then we change the 
pressure from P; to P2, keeping the volume constant. In part (b) we simply 


CHEMICAL THERMODYNAMICS | 8.2 


reverse the order of changes. In lig. 8.2 the work done in following each of 
the paths 1s represented as the area under each of the curves followed from the 
initial to the final state. It 1s elear from this drawing that the work done depends 
on the path followed, even though the initial and final states are the same. 
Consequently, we must eonelude that work ts not a state function, for its value 
depends on the path taken between states. 

Work is the only means by which energy can be transferred to and from the 
sunple hypothetical systems of mechanies. However, we must recognize that 
there is another way m whieh energy can be exchanged with systems of the real 
world. If a temperature difference exists between a system and its surroundings, 
energy may be transferred by “heat flow”—radiation or conduetion. 





V 





ff je 
V; vA 


(zt) (b) 


Work done in going from the initial to the final state depends on the path followed. 


The concept of heat is clouded by an historically based tendency to think of 
heat as “something” that “flows.” In truth, heat is not a substance. It 1s, hke 
work, a method by which systems exchange energy. The proof of this was given 
by James Joule who showed that the same change in state (.e., a certam rise in 
temperature) can be accomplished either by doing work on a body, or by heat- 
ing it. I'urthermore, the amount of heat, measured mm calories, and the amount 
of work, measured in joules, necessary to effeet any given change always stand 
in a fixed ratio. That is, one calorie of heat always produces the same change 
in the state of a system as do 4.18 joules of work. Thus heat and work are 
both methods of changing the energy of a system, and 1 calorie = 4.18 joules. 
To distinguish between them, we need only say that work is energy transferred 
by virtue of a mechanical link between systems, and that heat 1s energy trans- 
ferred due to a temperature difference. 

Our discussion of the nature of heat allows one more eonclusion. Heat is not 
a state function. This must be so, for as Joule showed, the same change in 
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FIG. 8.2 
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state may be brought about by using either heat or work. That means that the 
amount of heat used to make the state change depends on how the change in 
state is made. For the path in which work alone is used, the heat used 1s zero. 
For the path in which heat alone is used, the heat used 1s, of eourse, not zero. 
Thus the heat used depends on the path between states, and heat is not a state 
function. 


8.3 THE FIRST LAW OF THERMODYNAMICS 
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Our discussion has suggested that there is a very important difference between 
heat and work on one hand, and energy on the other. Heat and work refer to 
processes—events in which displacements occur or temperature changes. In 
contrast, energy is a property that can be associated with a single equilibrium 
state of a system. It appears then that energy is a state funetion. 

This can be seen most clearly by thinking about the energy of simple mechan- 
ical systems, for example, a free particle of mass m moving in a vaeuum with 
velocity v. We know that such a system has a kinetic energy dmv”. If it is at 
a height h above the surface of the earth, we say its potential energy relative 
to the earth’s surface is mgh. We see that the kinetie and potential energies of 
this simple system are functions of its state, that is, its velocity and position. 
Thus the energy of a simple mechanical system is definitely a state funetion. 

Any macroscopie amount of a chemieal substance ean be regarded as a eol- 
lection of simple mechanical systems. Is it possible to associate an internal 
energy with a chemical system, and is this energy a state function? To answer 
this, let us consider two different states of a system, and two different paths, 
a and b, which connect them. If we say that in going from state 1 to state 2 
along path a, we must put into the system an amount of energy Afa, and if by 
making the same state change by following path b, we must put into the system 
an energy A, then if internal energy is a state function, 


Os AW Oe 


This must be true, since the change in a state function is independent of the 
path taken between states. 

But suppose that energy is not a state function, and that for the sake of 
argument AE, > AK. What would be the consequenees? We could take the 
system from 1 to 2 along path a; this requires us to put in an amount of energy 
AE,. Then we could return the system to state 1 by path b. This would allow 
us to extract an amount of energy AF. As a result of these operations, we would 
obtain a net amount of energy AE, — AL, and the system would be unchanged. 
There would be nothing to prevent us from repeating the process and obtaining 
more energy. 

As attractive as this creation of energy is, all attempts to achieve it have 
failed. The failure has been so well documented that it is accepted as a general 
truth and expressed as the law of conservation of energy: energy may be neither 
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created nor destroyed, only transferred or changed from one form to another. 
As a consequence of the law of conservation of energy, we must conclude that 
AE, = AF, for our cxample, and that the energy change must be independent 
of the path taken betwecn states. In other words, internal cnergy is a state 
function, and the basis for this conclusion is the overwhelming experimental 
evidence that energy is conserved. 

Now consider the effect of adding energy to a system as an amount of heat gq. 
If energy is conserved, and if the system does no work, g must appear as a 
change in the internal energy of the system A#. Thus 


Al 2-46 (no work done). 


If, in a separate experiment, we do work on a system but do not allow it to 
transfer heat to or from its surroundings, then the work done must appear as 
an internal energy change of the system. In this case 


AE = w (no heat transferred). 


In general, we can expect to find processes in which heat is added to, and work 
is done on, a system. The foregoing examples lead us to the expression 


AE=q+u, (8.6) 
internal energy _ heat added , work done 
change ~ tosystem — on system’ 


Equation (8.6) is a mathematical statement of the first law of thermodynamics. 
We can say, then, that the first law of thermodynamics is just the law of con- 
servation of energy, In which specific account of heat effects has been taken. 

Note carefully that both the heat added to a system and the work done on the 
system are assigned positive symbols. This is a convention which 1s now followed 
by most textbooks on thermodynamics and physical chemistry. In the past, 
however, many books followed the convention that w was the work done by 
the system. If this definition of wis made, then the first law of thermodynamics 
must be written 


AE=q—w (older convention), 


and the pressure volume work is given by 
= f Pedy, (older convention). 


Therefore, when another book is consulted, it is important to ascertain which 
convention is being followed, in order to avoid confusion. 

We have remarked that thermodynamics deals only with macroscopic prop- 
erties of matter, and does not use the results of the atomic theory in any way. 
However, in order to understand the significance of the thermodynamic state 
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functions most fully, it is often helpful to use the results of the atomic and 
kinetic theories. Thus we may ask for an explanation, in terms of atomic 
properties, of what internal energy is. ‘The internal energy of a system results 
from the kinetic energies of its molecules, the potential energy associated with 
forces between molecules, and the kinetic and potential energies of the electrons 
and nuclei in molecules. This may not be a complete list of contributions to 
the internal energy, and in fact we should add to it the energy associated with 
the existence of the mass of the system. When the internal energy of a system 
chauges, some or all of these contributing energies change. The virtue of 
thermodynamics is that it shows us how to use the mternal energy concept, 
without requiring that we analyze the individual contributions to the internal 
energy of a system. 


Measurement of AE 
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Suppose we have a chemical process in which reactants at 25°C are completely 
converted to products at the same temperature. This is a change in the state of 
a chemical system, and there must be a definite value of AL associated with it. 
The value of AE is of interest, for it tells how the internal energies of reactants 
and products differ. It is a quantitative comparison between the mechanical 
stabilities of reactants and products. How can we measure the AF of a chemical 
reaction? 
To answer, we need only refer to Eq. (8.6), 


AK=q+ uw, (S.6) 


and recognize that when a chemical reaction occurs, under ordinary circum- 
stances the only way the system can do work is by a pressure-volume change. 
Thus 


V> V2 
= — PdV, AE=q+t f, P dav. (S.7) 
Vv" Us 


But if the reaction were run in a closed contamer so that the volume of the 
system was constant at V;, we would have 


V2 
AE =q-+ ay 
Vy 
=O ae, (constant V) 
= qv. (S.8) 


We sce that AE is numerically equal to the heat absorbed by the system when 
the process occurs at constant volume. The subscript in Eq. (8.8) emphasizes 
this point. 

To measure AF, we need only carry out a reaction at constant volume and 
measure the heat evolved or absorbed. If heat is evolved, gy is a negative 
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humber, and the internal energy of the produets is lower than that of the 
reactants. Reaetions in whieh heat is evolved are said to be exothermic. If heat 
is absorbed by the system during the reaction, gy is positive, AF is positive, 
and the products have a greater internal energy than the reactants. Reaetions 
in which heat 1s absorbed by the system are said to be endothermic. 


Commonly, ehemieal reactions are run not at constant volume, but at a constant 
pressure of l atm. Consequently, the heat absorbed under these eonditions is 
not equal to AF or gy. In order to diseuss thermal effeets for reaetions run at 
eonstant pressure, it 1s convenient to define a new funetion of state by the 
equation 


H=E-+ PY. (8.9) 


The enthalpy H, defined by Eq. (8.9), is definitely a state funetion, sinee its 
value depends only on the values of #, P, and V. Note also that enthalpy 
must have the units of energy. 

A ehange in enthalpy can be expressed as 


AH = AE+ A(PY) 
—¢+w+A(PV). (8.10) 


Let us restrict our attention to ehanges that oecur only at eonstant pressure. 
For sueh ehanges, 
ae AV 


eonstant pressure only. 
AC he AV 


Using these relations in Eq. (8.10) gives us 


AH =q—PAV+PAV 
Thus the enthalpy ehange 1s equal to the heat absorbed gp when a reaetion is 
carried out at eonstant pressure. For an exothermie process AH is negative, 


and for an endothermic process AH is positive. 
How different are AH and Al? We have 


AH = AE + A(PV). (8.12) 


For reaetions in whieh only liquids and solids are involved, very little volume 
change oeeurs, beeause the densities of all eondensed substanees eontaining the 
same atoms are similar. If the reaetions are run at the relatively low pressure 
of l atm, A(PV) is very small, so we have 


AH = Ak (reaetions involving only solids and liquids). 
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On the other hand, if gases are produced or consumed during the reaction, 
AH and AF can be quite different. Since for ideal gases, 


Pye ieee 
it follows that at a constant temperature, 
ACP Va Bor 


where An is the change in the number of moles of gas due to chemical reaction. 
Thus we obtain from Eq. (8.12), 


AH = AE + AnkRT (constant 7). (8.13) 


When AH and AF are expressed in units of calories, we must use & = 1.987 
cal/mole-deg in Eq. (8.13). 


Example 8.1 When 1 mole of ice melts at 0°C and a eonstant pressure of 1 atm, 
1440 cal of heat are absorbed by the system. The molar volumes of ice and water are 
0.0196 and 0.0180 liter, respeetively. Calculate A// and AE. 
Since Al] = gp we have 
AH = 1440 cal = 4770 J. 


To find AE by Eq. (8.12), we must evaluate A(PV). 


Since P = 1 atm, we have 


lao) 


PAV = P(Ve2 — Vi) = (1)(0.0180 — 0.0196) 
—1.6 X 107-3 liter-atm = —0.039 cal = 0.16 J. 


Since AH = 1440 cal, the difference between A// and AE is negligible, and we can 
say that AE = 1440 eal or 4770 J. 


Example 8.2 For the reaction 
C(graphite) + 302 = CO 


at 298°K and 1 atm, A? = —26,416 cal. What is AZ, if the molar volume of graphite 
is 0.0053 liter? 

We see that the net change in the number of moles of gas is An = +3. Thus (AV) 
due to the net production of gas is 3 X 22.4 = 11.2 liters. This is much greater than 
the volume decrease caused by the disappearance of solid graphite; so we can neglect 


the latter and say that 


I 


AH = AE+ AnRT, 
—26,416 = AE + (1.987) (298), 
AE = —26,416 — 296 = —26,712 eal = —111,763 J. 
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8.4 THERMOCHEMISTRY 


We now realize that the AH associated with any change in state can, in principle, 
be found either directly as the heat absorbed by the system at constant pres- 
sure, or indirectly from a measured qy and use of Iq. (8.12). A quantity useful 
in discussing chemical reactions is the standard enthalpy change AH®°. This is 
the enthalpy change of the system when the reactants in their standard states 
are converted to the products in their standard states. The standard state of 
a substance is its most stable form at l-atm pressure and at a temperature 
which is usually specified as 298°IX. Thus we can write 


C(graphite) + O2(g) = CO2(g), 
AH3o3 = —94.05 kcal = —393.5 kJ. 


This means that when one mole of carbon is completely converted to one mole 
of carbon dioxide, with reactants and products at l-atm pressure and 298°K, 
94.05 keal of heat are evolved, and the standard enthalpy change for the reaction 
is —94.05 kcal. 

The combustion of carbon to carbon dioxide can be carried out quantitatively 
in a calorimeter, and its accompanying AH measured conveniently. The same 
is true for the reaction 


CO(g) + $02(g) = CO2(g), 
AH og = —67.63 kcal = —283.0 kJ. 


In contrast, the combustion of carbon to carbon monoxide, 
C(graphite) + 302(g) = CO(g), (8.14) 


is difficult to carry out quantitatively. Unless an excess of oxygen 1s used, the 
combustion of carbon is incomplete, but if an excess of oxygen 1s used, some of 
the carbon monoxide is oxidized further to carbon dioxide. However, using 
the fact that enthalpy is a state function, we can make the direct measurement 
of AH for reaction (8.14) unnecessary. 


CO+302 
2 
AH» AH Alternative paths for the conversion of FIG. 8.3 
carbon and oxygen to carbon dioxide. Since 
AH enthalpy is a function of state, AH; must 
1 equal the sum of AH2 and AH3. 


C+02 CO 
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The way to accomplish this is to realize that there are two paths which, in 
priuciple, can be used to convert graphite and oxygen to carbon dioxide. These 
paths are illustrated in lig. 8.3. We might carry out the reaction directly by 
step 1, for which the enthalpy AH, is known. Alternatively we could procced 
from reactants to products by steps 2 and 3, and with these steps are associated 
the enthalpy changes AH» and AH3. Since H is a state function, AH for the 
conversion of carbon to carbon dioxide is independent of the reaction path. This 
means that 

AH, = AH2+ AF3. 


Both AH, and AH3 have been measured; therefore 


AH, = —94.05 kcal, 
AH; = —67.63 kcal, 
AH» = AH, — AH3 = —26.42 kcal. 


This is the desired standard enthalpy change for the conversion of carbon to 
carbon monoxide: 


C(s) + 40.2(g) = CO(g), AH oo3 = —26.42 kcal. 


The argument we have just used is a specific example of Hess’ law of constant 
heat summation: the heat evolved or absorbed at constant pressure for any 
chemical change is the same regardless of the path by which the change occurs. 
Our use of Hess’ law is equivalent to the following procedure: We algebraically 
combine the chemical reactions whose enthalpy we know so as to obtain the 
desired reaction. To obtain the enthalpy of the reaction, we algebraically 
combine the known values of AH in the same way as the reactions. Thus 


—(CO(g) + 40.(g) = COd2(g)] —(AH® = —67.63] kcal 
C(s) + 400(g) = CO(g) AH® = —26.42 kcal 


A slightly more involved calculation is needed to determine the AH” of 


C(s) + 2Ho(g) = CH4(g) 
from the measured valucs of AH® for 


(a) C(s)+ Oo(g) = CO(g), AH® = — 94.1 keal, 
(b) He(g) + 302(g) = H2O0()), AH” = — 68:30cu) 
(c) CH4(g) + 200(g) = COo(g) + 2H20(1), AH® = —212.8 keal. 


To obtain the desired reaction, we must multiply equation (b) by 2, add cqua- 
tion (a) to it, and subtract equation (c). The values of AH° must be combined in 
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exactly the same way. We have 


C(s) a Oo(g) = CO2(g) Nie = — 94.1 keal 
2 xX (He(g) + $02(g) = H2O())] 2x [AH°® = — 68.3] kcal 
— [CHa4(g) + 200(g) = COe(g) + 2H.0(1)] = AH = —212.8] kcal 
C(s) + 2Ho(g) = CH, (g) AH® = — 17.9 keal 


To summarize: a AZ is associated with each reaction. When any number of 
reactions are algebraically combined to yield a net reaction, the values of AH 
are combined in exactly the same way to give the AH of the net reaction. 

The use of Hess’ law permits us to avoid performing many difficult calori- 
metric experiments. A particularly efficient way to tabulate known thermo- 
chemical information is by recording the enthalpy of formation of compounds. 
The enthalpy of formation is the AH of the reaction in which a pure compound 
is formed from its elements, with all substances in their standard states. Thus 
for the reactions 


POEEI0,(2) = CO(e), AH® = AH(CO) = —26.4 keal, 
Ho(g) + 402(g) = H20()), AH® AH; (H.0, l) = —68.3 keal, 
H»(g) + Oo(g) + C(s) = HCOOH(), AH® = AH%(HCOOH) = —97.8 kcal, 


the enthalpy changes are the enthalpies of formation of carbon monoxide, 
liquid water, and formic acid, respectively. The enthalpies of formation of 
elements in their standard states are zero, by definition. 
To see why enthalpies of formation are useful, let us try to calculate the 
AH® of 
HCOOH (l) = CO(g) + H.0(), AH°=? 


We can use thermochemical information available to us if we imagine that this 
reaction is conducted along a path in which formic acid is first decomposed to 
the elements C, H», and Og, and these elements are then used to form CO and 
H20O. This path is illustrated in Fig. 8.4. 

Since AH°® for the net reaction is independent of path, we have from Fig. 
8.4, 


AH, = AH. + AH3. 


Ga OPeae 
3) 


Aiternative paths for the conversion of 
formic acid to carbon monoxide and water. 





@ 
HCOOH l eo --co 
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Table 8.1 Enthalpies cf formation, AH? (kcal/mole) at 298°K 


a 


H20(g) —57.79 CO(g) — 26.41 
H2OA(l) —68.32 COo2(g) — 94.05 
H202(g) —32.53 CaQO(s) —151.8 
03 (g) 34.0 Ca(OH)o2(s) —235.6 
HCl(g) —22.06 CaCO3(s) —288.4 
$0O2(g) —70.96 BaO(s) —133.5 
$03(g) —94.45 BaCO3(s) —290.8 
H2S(g) — 4.81 BaSO4(s) —345.3 
N2O0(g) 19.49 Fe203(s) —196.5 
NO(g) 21-60 Al203(s) —399.1 
NO2(g) 8.09 CuQ(s) == 37.6 
NH3(g) —11.04 ZnO = 832 
ORGANIC COMPOUNDS 
Gases 
Methane, CH4 —17.89 Fthylene, CoH4 12.50 
Fthane, CoHs —20.24 Propylene, CsH6 4.88 
Propane, C3Hg —24.82 l-butene, C4Hs 0.28 
n-butane, C4H10 —29.81 cis-2-butene, C4Hs — 1.36 
lsobutane, C4H10 —31.45 trans-2-butene, C4Hg — 2.40 
Acetylene, C2He 54.19 lsobutene, C4Hg — 3.34 
Liquids 
Methanol, CH30H —57.02 Acetic acid, CH3COOH —116.4 
Fthanol, CoH50H —66.35 Benzene LET 2 
GASEOUS ATOMS 
H 52.1 Cc 177 
O 59.1 N 1125 
Cl 29.0 Br 26.7 


INORGANIC COMPOUNDS 





But AH is the sum of the enthalpies of formation of CO and of H20: 
AH; = MH?(CO) + 4H/(H,0, 1). 


Also, AH» is the negative of the enthalpy of formation of formie aeid, since 
step 2 is just the reverse of the formation of formie acid from its elements. Thus 


AH», = —AH;(HCOOH), 
and 
AH, = AH?(CO) + 4H?(H20, 1) — 4H?(HCOOH) 
= +3.1 keal. (8.15) 
We ean sce from this example that the enthalpy of a reaction can be ealcu- 


lated from the enthalpies of formation of reactants and produets. The general 
expression, of which Eq. (8.15) is a speeifie example, 1s 


AH = >> SH,(products) — >> AH,;(reactants). (8. 15a) 
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The equation 1s a consequence of the fact that any reaction can proceed, in 
principle, by a path m which the first step is decomposition of reactants to 
the elements, and the second step is formation of the products from these ele- 
ments. To the overall AH of reaction, the first step contributes —AH; for each 
reactant, and the second contributes AH; for each product. 

Besides being a useful quantity in thermochemical calculations, the enthalpy 
of formation 1s a quantitative expression of the mechanical stability of a com- 
pound with respect to its clements. Table 8.1 gives the enthalpy of formation 
of a few common compounds. When AH? is positive, the compound is ener- 
getically less stable than its elements, and when AH? is negative, the compound 
has lower energy and is more stable than its elements. 


Heat Capacity 


The heat capacity of a substance is the amount of heat required to raise one 
mole of material one celsius degree. Because heat is not a state function, the 
amount required to produce a given change in state depends on the path 
followed. Therefore two types of heat capacity are uscd: Cp for changes at 
constant pressure, and Cy for changes at constant volume. The mathematical 
definitions are 


dap _ dH 
_ dqy = adkly 
Ci aT ~ aP (8.17) 


The amount of heat needed to change the temperature of n moles of material 
from 7’, to T's is therefore 


Tg 
want Cp dT 


1 


To 
= nCU'p | G1 nC ipeAT if C'p 1s a constant; (8.18) 
7 


1 


72 
ayant Cy di 


72 
nCy I Of 107 Al ui Cy 1s a constant. (8.19) 


1 
The difference between Cp and Cy can be found very simply. For one mole 
of material, 


dH dE , d(PV) = d(PV) | 
af aT [Jie a okay: 





H=£&£+PYV, 
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Table 8.2 Molar heatcapacities at constant 
pressure, Cp (cal/mole-deg) 





Ho 6.90 C02 8.96 
O02 7.05 CH4 8.60 
No 6.94 CoHe t2:71 
CO 6.97 NH3 8.63 
Cle 8.14 H20(g) 5.92 





For solids and liquids, d(PV)/dT is generally small, so Cp = Cy. Yor ideal 
gases, PV = KT, and 


a(PV) _a(RT) _ p 


aT dT Fl age 





The gas constant R = 2 cal/mole-deg, and by referring to the heat capacities 
listed in Table 8.2 we can see that R, the difference between Cp and Cy, is an 
appreciable fraction of the heat capacity. 


Temperature dependence of AH 


FIG. 8.5 
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We have been concerned with the values of AH for reactions at one temperature 
only. It is conceivable that AH for a reaction is a function of temperature. 
In this section we will show how application of the fact that AH is independent 
of reaction path supplies us with an expression for the temperature dependence 
of AH. 

Consider the general reaction 


aA + bB = cC+ dD. 


The conversion of reactants to products at a temperature 7’; can be carried out 
by either of the two paths shown in Fig. 8.5. Let us suppose we know AA, 
the enthalpy change when reactants and products are at temperature T). We 
wish to find AH», the enthalpy change when the reaction is run at tempera- 
ture T'o. 


(aA+bB) at 7’ (cCC-+dD) at 7 


Alternative paths for converting reactants 
to products. 





(aA+6B) at 7; (ceC+dD) at 7, 
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Referring to Tig. 8.5, we sec that smee AH is independent of path, 
AH, = AH’+ AH,+ AH”, 


where Af/’ is the enthalpy change associated with changing the tempcrature 
of the reactants at constant pressure from 7’; to JT», and AH” is the enthalpy 
change which results from changing the temperature of the products from T2 to 
T; at a constant pressure. The total heat capacity of the reactants is 


Cp(reactants) = aC p(A) + bC p(B), 


so for AH’ we have 


To 
Ne a | Cp(reactants) dT’. 
Ty 


Similarly, 
C p(products) Gl p (C) == dC p(D), 


and therefore 
Ty 
6 ie | C p(products) dT. 
Ts 
Now AH > is the only unknown, so 
AH, = AH, — AH” — AH’ 


1 T2 
= AH, — | Cp(products) dT — i C p(reactants) dT’. 
i Py 


We can change the sign of the second term on the right-hand side of this equa- 
tion 1f we reverse the hmits of integration. Thus 


T'9 


T'2 
AH, = AH; + | Cp(products) dT — il Cp(reactants) dT’. 
Ty 1 


This expression can be made more compact if we define 


AC p = Cp(products) — Cp(reactants) 
== cC'p(C) =e dC p(D) a aC’ p(A) a bC p(B). 


The integrals can be combined to give 
T's 
qT; 


We sce now that the difference in AH at the two tempcratures depends on 
the difference of the heat capacities of the products and reactants. Often this 
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heat-capacity difference is very small, and A/F ts virtually Independent of tem- 
perature, particularly over small temperature ranges. 


Example 8.3. Find A/F® at 398°K for the reaetion 
CO+402 = COs, Al dog = —67,640 cal = —283.0 kJ. 
From Table 8.2 we find 
Caicos 6.97, CrO>s)=a05, and Cp(COe) = 8.96, 
all in cal/mole-deg. Therefore 


ACp = 8.96 — 6.97 — 7.05/2 = —1.53 cal/deg, 
Alf ogg = AllSqg + ACp(398 — 298) 
= —67,640 — 153 = —67,790 cal = —283.6 kJ. 


Thus the AZf of reaction is only slightly more negative at this higher temperature. 


FOR SPONTANEOUS CHANGE 


We have derived several relations from the first law of thermodynamics which 
help us make efficient usc of calorimetric data. However, we have not yet 
achieved our major purpose—to learn to use the properties of individual sub- 
stances to predict the extent to which chemical reactions proceed. It 1s =tane 
that we can associate an enthalpy of formation with each compound and with 
them calculate the AH of areaction. But the value of AH alonc is not a sufficient 
criterion to decide whether a reaction will proceed spontaneously from reactants 
to products. Granted that there arc many exothermic reactions that have large 
equilibrium constants, it is nevertheless an experimental fact that endothermic 
reactions can also proceed almost to completion. 

There are also physical processes that have a preferred spontaneous direction 
which cannot be rationalized on the basis of the first law of thermodynamics 
alone. An ideal gas expands spontaneously into an evacuated container. It 
does not do this in order to lower its energy, for experiments show that the 
energy of an ideal gas is independent of its volume. The reverse process, a 
spontaneous collection or compression of the gaseous molecules, is allowed by 
the first law of thermodynamics, but it never occurs. As another example, 
consider that we always observe that heat flows from a hot to a cold body. 
This process and its reverse both obey the law of conservation of energy. How- 
ever, heat never does flow spontaneously from a cold to a hot body. It 1s clear, 
then, that the first law of thermodynamics alone does not explain the direc- 
tious of spontaneous physical or chemical processes. 

This conclusion should not be a surprise. In previous chapters we have 
remarked that the tendency of molecules to seek a state of minimum energy 1s 
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insufficient to explain the occurrence of many chemical and physical changes. 
We had to recognize an additional tendency toward maximum molecular chaos. 
In this section we will be concerned with the thermodynamic description of this 
tendency toward molecular chaos, and we will see that the spontaneous direc- 
tion of physical and chemical processes can be found by application of the 
second law of thermodynamics. First, some remarks about spontaneous and 
reversible processes are in order. 


Reversibility and Spontaneity 


A reversible process is one which is carried out so that the state functions of a 
system never differ by more than an infinitesimal amount from one moment to 
another. Since the thermodynamic functions change infinitely slowly in revers- 
ible processes, they are sometimes said to be quasistatic processes. Another 
characteristic of a reversible change is that the state functions of a system, like 
pressure and temperature, never differ from those of the surroundings by more 
than an infinitesimal amount. For example, to carry out an expansion reversibly 
we must have 


lent — Lex ap aL, 


and for a reversible compression, 
(eee dP 


Where Pjn_ 1s the pressure of the system. Since no more than an infinitesimal 
pressure difference exists between the system and surroundings, the net accel- 
eration acting on the system is infinitesimally small, and any change will occur 
quasistatically. Likewise, for a reversible temperature change we must have 
Tex = Tint & AT, if the heating or cooling is to take place infinitely slowly. 

A spontaneous or irreversible mechanical change takes place at a finite rate. 
If the process involves a change in pressure or temperature, these variables 
differ by a finite amount between the system and its surroundings. Thus there 
is an important practical difference between a reversible and an irreversible 
process. The direction of a reversible process can be reversed at any time, just 
by making an infinitesimal change in the surroundings. That is, a reversible 
compression can be turned into a reversible expansion just by decreasing the 
externally applied pressure by an infinitesimal amount. On the other hand, an 
irreversible process cannot be stopped or reversed by an infinitesimal change in 
external conditions, for any such change cannot overcome the finite differences 
in pressure, temperature, or other thermodynamic functions which are respon- 
sible for the irreversible process. 

Another of the important differences between reversible and irreversible 
processes is that the work done on a system in a reversible process is less than in 
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the corresponding irreversible process between the same two states. In the case 
of a reversible compression, Pex and Pint differ by only an infinitesimal amount, 
so we can write 


Wrev = - | Po dV = — f Pine + aP) dV = = f Pi dV, 


since the product of infinitesimals can be neglected. For an irreversible com- 
pression, Pex > Pint, so we have 


V> V> 
Wirrev = — ex ae lane aV = Wrey- 
Vi Va 


Note that the choice of the direction of the inequality results from realizing 
that for a compression, V2 < Vj; so the integrals (and the work) are positive. 
Since Pex > Pint, the inequality must have the direction indicated. Thus we 
are able to conclude 


Wrey < Wirrev- (8.21) 
As an illustration of Eq. (8.21), consider the reversible, isothermal compres- 


sion of an ideal gas. Since for a reversible process Pint = Pex, and P = need ba 
for an ideal gas, we obtain 


V2 V> V2 
Wrev —_ — Poy dV —— a il dV — —nkr f Le 
Vi v, Vv vy, V 
Ve 
Wrey = —nRT In ome” (8.22) 
Vy 


Thus the work done on the gas in the reversible compression is the area under 
the P — V isotherm between V and Vo, as shown in Fig. 8.6. Since V2 < Vi, 
Wrey > 0, as must be true if work is done on the gas. 

Let us choose the corresponding zrreversible compression to be one in which 
the external pressure is suddenly increased from Pex = P, = nhl Via 
Pex = Po = nRT/Vo, without an appreciable change in the volume of the system. 
The compression from V, to V2 then occurs with a constant external pressure 
Pex = Po = nRT/V2. This path is also illustrated in Fig. 8.6. The work done 
by the gas in this irreversible compression 1s 

Vo 
Wirrey = — Pex dV = —P2(V2 — Vi) > 0. 
Vy 


The graphical representation of this work in Fig. 8.6 makes it clear that wre < 
Wirrev, aS Was concluded above for the general case. 
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Vo Vy Vo Vi 


(a) (b) 


Work done in the isothermal compression of an ideal gas: (a) reversible path; (b) irrevers- FIG. 8.6 
ible path, for which Pex is plotted. 


Now let us compare the work done in the reversible and irreversible expansions 
of a gas. For the reversible case, Pex = Pint, and 


V2 
Wrey = -f Pint dV. 
Vv 


1 


For the irreversible expansion, Pex < Pint, and V2 > Vy, so 


V> V> 
cirrey — —— ee dV > ear ieee dl = Wrev: 
V; V; 


The direction of the inequality comes about because the integrals with their 
negative signs are negative quantities, and since P.x < Pint, the integral on the 
left is less negative (greater) than the one on the right. Thus we again conclude 


Wrev < Wirrev; 


which is algebraically the same result as we obtained earlier, but now we are 
saying that for an expansion, Wrey iS more negative than Wirrey. Figure 8.7 
illustrates this point. 

In the application of the second law of thermodynamics, the distinction 
between girrey and grey iS important. We can deduce the relation between these 
two quantities from the inequality (8.21). Imagine the same change state, once 
carried out reversibly, and again carried out irreversibly. We can write 


Grey = Ak — Wrev, dirrev = AE — Wirrev. 
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(b) 


FIG. 8.7 Comparison of work done by a gas in isothermal expansions: (a) reversible path; (b) irre- 
versible path, for which Pex is plotted. 


Since the change in state is the same, subtraction of the second of these equations 
from the first gives 


drev — Qirrev — Wirrev — Wrev:- 
But by (8.21), wrey < Wirrev, SO 


Grev — Qirrev > 0, drev > irrev: (8.23) 


Thus there is a gencral relation between the heat absorbed by a system in a 
reversible process, and that in the corresponding irreversible process. This 
inequality will be used to deduce the criterion for spontaneous change. 


8.6 ENTROPY AND THE SECOND LAW 


Just as the first law of thermodynamics is a general statement about the 
behavior of the state function, energy, the second law tells us the general be- 
havior of another state function called entropy. The entropy change of a system 
for any change in state is defined by 


2 
da 
= SE lea ' 9 
AS = | — (8.24) 


In words, Eq. (8.24) says: take the system from state 1 to state 2 by a reversible 
path. To compute the entropy change of the system, divide each infinitestmal 
amount of heat by the temperature 7 at which it is absorbed by the system, 
and add all these quantities. 
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Entropy changes must always be computed by taking the system from the 
initial state to the final state by means of a reversible path. However, entropy 
is a state function, and thus AS is independent of the path. Although these two 
statements sound contradictory, they are not, since 


Arey , Airey , 
ae T 


The sttuation here ts stmilar to that encountered in the calculation of AH; AIT 

is independent of the path, but it ts only equal to g when a process is carried 

out at constant pressure. The entropy change ts also independent of the path, 

but it is equal to i dq/T only when the process ts carried out reversibly. It is 

{ dqg/T which depends on how the process is done, and not AS of the system. 
The formal statement of the second law of thermodynamics 1s: 


The entropy S is a function of state. In a reversible process, the entropy of the universe is 
constant. In an irreversible process, the entropy of the universe increases. 


As we have remarked, the thermodynamic laws are not derived mathematically, 
but are general expressions of experimental findings. To “prove” the first law 
of thermodynamics, that energy is a state function, we showed that to deny tts 
validity would be to say that creation of energy ts posstble, and all other experi- 
ence tells us this is not true. To “prove” the second law of thermodynamics, 
we will demonstrate that to deny it implies that gases can spontaneously com- 
press themselves, and that heat can flow spontaneously from cold to hot regions. 


Entropy Calculations 


We shall demonstrate the use of Eq. (8.24) by calculating the entropy change 
that accompanies the isothermal expansion of an tdeal gas. For an isothermal 
process Eq. (8.24) becomes 


2 
AS — | Efrev 
1 





T 
1 Z 
= Ti | OGney 
= Grev 
i 


where @revy 1s the heat added to the system in going from state 1 to state 2. 
We now wish to express AS in terms of the initial and final volumes of the gas. 
To do this we make use of the experimental faet that the internal energy of an 
ideal gas depends only on its temperature. Before we use this fact, we might 
remark that it is consistent with the gas-kinetic theory discussed in Chapter 2, 


8.6 ENTROPY AND THE SECOND LAW 323 


324 


where we wrote for an ideal gas, 
7 ae es 
Teens ——— sit T. 


Thus, if temperature is constant, the translational energy and the total internal 
energy of an ideal gas are constant. Tor an isothermal expansion, then, 


eae ae 


If the expansion is both reversible and isothermal, we have by Eq. (8.22) 





drev — —Wrev = nRT \n Ve . 
Therefore , 
(rev Vo iS 
AS = =—=nRins (8.25) 
i ) l 


Note that if Vo > Vy, the gas has expanded and its entropy has inercased. 
If Vo < Vy, we have a compression and a decrease in the entropy of the gas. 

Are these last two statements consistent with the seeond law of thermo- 
dynamics? The restrietion imposed by the seeond law is that the entropy 
change of the universe (system and surroundings) must be zero for a reversible 
proeess. Therefore, to see whether the sceond law 1s obeyed, we must find the 
entropy change of the surroundings as well as that of the system. 

In a reversible expansion, the gas absorbs an amouut of heat qdrey, So its 
entropy change 1s 


(rev 
ASgas = “ar 
The surroundings, a thermostat at the temperature 7’, lose an amount of heat 
equal in magnitude to qrey. Thus the entropy ehange of the surroundings 1s 


(rev 
DGS ne a ap ) 
where we are to take grey a8 a positive number, the heat absorbed by the system. 
The total entropy change 1s 


AS = ASgas + ASsurr = = — ae = 0. 


As the second law requires, AS = 0 for a reversible process. 
Consider now the irreversible isothermal expansion from V, to Vg. Smee s 
is a state funetion, AS for the gas is independent of the path, so we can say 


_ 
AScas = nR In _ 
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How then does the irreversible expansion differ from the reversible process? 
Suppose that the expansion is carried out against zero external force. Then 
w = 0, and since AF = 0 for an isothermal process on an ideal gas, g = 0. 
Therefore no heat is lost by the surroundings, which means that the entropy 
change of the surroundings is zero. For this irreversible expansion, 


AS —= AS rae + Senne 


; 
= nRing?+0, 
1 


which is greater than zero. The entropy of the universe increases, as the second 
law states. 

Now we can examine the possibility of a spontaneous compression of an ideal 
gas from V, to V,. The entropy change of the gas would be 


Vs 
oscars =— nit ih V, ’ 


which, because V, < Vj, is negative. If the compression is to occur spontane- 
ously with no outside influence, then surely AS.u;, = 0, since the surroundings 
change in no way. Thus for the total entropy change, we obtain 


ag Pin Eee 0. 
V1 


Since the total entropy change of the universe is negative, this spontaneous 
compression of a gas is impossible according to the second law. To put it 
another way: to deny the validity of the second law would be to say that 
spontaneous compressions of a gas are possible, when in fact they are never 
observed. 

Let us consider one other application of the entropy criterion for spontaneous 
change. Two blocks of material at different temperatures T, and T, are brought 
together momentarily. The cold block absorbs a small amount of heat dq, and 
the hot one loses the same amount. The amount of heat transferred is so small 
that the temperatures of the two blocks change by a negligible amount. Does 
this spontaneous heat flow produce an increase in entropy? 

We can find the entropy changes by realizing that if the cold body received 
the heat dq reversibly, its entropy change would be 
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Likewise, if the hot body were to lose the heat dq reversibly, its entropy change 
would be 


ill 
IS,= — a 


where we are still thinking of dg as a positive number, the heat absorbed by the 
cold block. These entropy changes, calculated with the assumptions of revers- 
ible transfer of heat, are equal to the entropy changes experienced by the blocks 
when they are brought together momentarily and undergo an irreversible 
transfer of heat dg. Thus the total entropy change of the blocks 1s 


dS = dS. + dS, 
a 
=p -7, > 9 


Since 7, > T;, the total entropy change is greater than zero, as the second 
law requires. If heat dq had passed from the cold block to the hot one, the 
entropy change would have been 


dS = dS.+ ds, 
_ _ dq , ay 
= Ftp, < 9% 


Thus the unaided flow of heat from a cold to a hot body violates the second 
law of thermodynamics. 

These two examples suggest how we might use the second law to find the 
direction of spontaneous changes. We should compute the entropy change 
associated with a contemplated process. If the entropy change of the system 
and its surroundings is negative, the process will not occur. If the total entropy 
change is positive, the process will occur spontaneously. This is a possible way 
of using the second law, but we shall find that there are other more efficient 
procedures. 
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Let us calculate the entropy change which accompanies a finite temperature 
change. We must imagine a reversible process in which the temperature of the 
surroundings is never more than infinitesimally different from the temperature 
of the system. Then, in the expression 


dqrev 
sso [tes 
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I — 


we can replace ddrey. by 
lj — NC pal, 
or 


Geet =n ya 


depending on whether the process takes place at constant pressure or at constant 
volume. The results are 


T 2 
NG = | OO (8.26) 
Ti od 
” ny aT 
=| ey Ge (8.27) 
T A 


t 


If the temperature interval is small, Cp or Cy can be regarded as constant, and 
we obtain 
ae ji 
AS = nCp In 7) AS — wie). In Te 
More frequently Cp and Cy cannot be taken as constants, and the exact form 


of their temperature dependence must be known before Eqs. (8.26) and (8.27) 
can be integrated. 


8.7 MOLECULAR INTERPRETATION OF ENTROPY 


While thermodynamics makes no assumptions about the structure of matter, 
our understanding of the thermodynamic functions can be deepened if we try 
to interpret them in terms of molecular properties. We have seen that gas 
pressure arises from molecular collisions with the walls of a vessel, that tempera- 
ture is a paramcter which expresses the average kinetic cnergy of molecules, 
and that internal energy consists of the kinetic and potential energics of all 
atoms, molecules, electrons, and nuclei in a system. What molecular property 
docs entropy reflect? 

To answer this question we must first recognize that there are two ways of 
describing the state of a thermodynamic system: the macroscopic description 
provided by the values of state functions like P, V, and 7, and the microscopic 
description which would involve giving the position and velocity of every atom 
im the system. The complete microscopic description is never used for thermo- 
dynamic systems, since just to write down the 3 xX 6 X 107° positional coordi- 
nates and the 3 x 6 X 107% velocity components of a mole of monatomic 
material would require a pile of 8’ X 11” paper 10 hght years high. Moreover, 
this single microscopic description would be valid only for an instant, since 
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atomic positions and velocities are always changing rapidly. Thus, as we 
observe any thermodynamic system in an equilibrium macroscopic state, its 
microscopic state is changing at an enormous rate. 

Despite this molecular activity, the propertics of a macroscopic state remain 
constant. This must mean that there are very many microscopic states con- 
sistent with any macroscopic state. Entropy is a measure of the number of macro- 
scopic states associated with a particular macroscopic state. 

To explore this point more thoroughly, let us use a deck of cards as an analog 
to a thermodynamic system. There are two distinct macroscopic states of the 
deck: either it is “ordered,” with the cards in some standard sequence, or it 1s 
“disordered,” with the cards in a random sequence. The microscopic state of 
the deck can be specified by giving the exact order in which the cards are 
arranged. We can see that there is only one microscopic state which corre- 
sponds to the “ordered” macroscopic state. On the other hand, there are many 
microscopic states associated with the “disordered” macroscopic state, because 
there are many random sequences of the cards. Since entropy measures, and 
increases with, the number of microscopic states of the system, we can say 
that the disordered state has higher entropy than the ordered state. 

By using this analysis, we can sce why a deck of cards moves from an ordered 
macroscopic state to a disordered state as the cards are shuffled. Since there are 
more microscopic states associated with the disordered macroscopic state, it 1s 
simply more probable for the deck to end up in the more disordered condition. 
If we apply this reasoning to the behavior of thermodynamic systems, we can 
see that entropy has a natural tendency to increase because this corresponds to 
the movement of systems from conditions of low probability to states of greater 
probability. 

It is now possible to understand why a gas expands spontaneously into a 
vacuum. In the larger volume, each molecule has more positions available than 
in the smaller volume. Consequently, in the larger volume, the gas has more 
microscopic states associated with it than it had in the smaller volume. The 
gas is found to fill the container because that is the most probable condition for 
it to be in. Apparently it is not impossible for the gas molecules to come 
together spontaneously, but it is overwhelmingly improbable for them to do so. 

There is another conceptual matter we must discuss. We have noted that 
there is a general tendency of systems to move toward a state of molecular 
chaos. Why is it that these more disordered states are more probable than 
ordered states? The answer lies in what we really mean by disorder. A dis- 
ordered system is one for which we have a relatively small amount of information 
about the exact microscopic state. The reason we lack this detailed knowledge 
is that the system has many microscopic states available to it, and the best we 
can do is guess that it is in some one of them at any instant. If only a few 
microscopic states were possible, we might be able to make an accurate guess 
of which one the system was in, and thus make a detailed description of the 
positions and velocities of the molecules. Thus a “disordered” system Is one 
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that has a relatively large number of microscopic states available to it, and that 
is why a disordered state 1s more probable than an ordered state. 

The values of AS associated with phase changes provide a simple illustration 
of the connection between entropy and molecular chaos. When a solid melts 
reversibly at constant pressure, 1t absorbs an amount of heat equal to AH,, the 
enthalpy of fuston. Thus the entropy change upon fusion is 


AS = drev = AHs , 
cL Ty 

which is always positive. lor the 1ce-water transition, AH; = 1440 cal, T; = 

273°KX, and AS = 5.28 cal/deg, or 5.28 entropy units (eu). We also know that 

in a liquid the molecules are in a more disordered state than in a crystalline 

solid, and this is consistent with the increase of entropy upon melting. 

When a liquid is converted to a vapor at constant temperature, it absorbs 
heat, and therefore its entropy increases. We can also recognize that there is a 
corresponding tncrease in molecular chaos as a result of the evaporation. If 
the evaporation is carricd out reversibly at the boiling temperature 7’, to form 
the vapor at l-atm pressure, we have 


—_ Trev __ A a : 
a i er 





For one mole of diethyl ether, AM,,, = 6500 cal, 7, = 308°K, and AS = 
21.leu. When similar calculations are made for a variety of other liquids, it 
is found that AS = 21 eu in virtually all cases. This means that the increase 
in molecular disorder upon evaporation is nearly the same for all liquids. 


8.8 ABSOLUTE ENTROPIES AND THE THIRD LAW 


In our use of the enthalpy, we found it helpful to select a certain state of 
matter and assign to it a definite enthalpy of formation. Our choice, that the 
enthalpy of formation of all elements in their standard states is zero, 1s based 
on convenience alone. Any other state of the elements might have been assigned 
zcro enthalpy. In the case of entropy, the situation is somewhat different, for 
the association of entropy with the number of microscopic states available to 
a system suggests a natural choice for the entropy zero. In a perfect crystal at 
absolute zcro there is only one possible microscopic statc: each atom must be 
at a crystal lattice point, and must have a minimum energy. Thus we can say 
that this is a state of perfect order, or of zcro entropy. This tmportant decision 
is expressed in the third law of thermodynamics: 


The entropy of perfect crystals of all pure elements and compounds is zero at the absolute 
zero of temperature. 
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The third law allows us to assign an absolute entropy to each element and 
compound at any temperature. Irom Iq. (8.26) we have for one mole of 








material, 
"Cp dT 
ee ee i ibaa * 
T 0 3 T 
“Cp dT 
Sr = I Ti ; (8.28) 
0 


since Sp = 0, according to the third law of thermodynamics. The heat capacity 
of substances depends on temperature, so in order to find the entropy at 298° I< 
of a material like diamond, we would have to measure C'p as a function of 
temperature from 0°K to 298°K. Then we could evaluate the integral m 
Eq. (8.28) graphically by plotting Cp/T as a function of 7', and measuring the 
area under the curve. Such a plot is shown in Fig. 8.8. 


0.05 
0.04 
N 
FE | & 0.03 
ae 
“ee 
SI& 0.02 
Cp/T as a function of temperature 0.01 
for copper metal. The area under 
the curve is equal to the absolute 
° 0 
molar entropy of copper at 298°K. 0 100 500 30K) 
T(° RK) 


Suppose that we are interested in the standard absolute entropy Sere Ol 2 
substance that melts at some temperature T's less than 298°IX. Then the en- 
tropy associated with this phase transition must be included in the calculation 
of the absolute entropy. To do this, we modify Eq. (8.28) to give 


i C AH ~ Ci; 
0 P ! UE | Pp 


where Cp and Cp are the heat capacities of the solid and liquid, respectively, 
and AH; is the enthalpy of fusion. If any other phase changes, such as vaporiza- 
tion, occur between O° and 298°IX, their contribution to the entropy must be 
included in a stmilar fashion. 
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Table 8.3 Absolute entropies, S° (cal/mole-deg) at 298°K 


Solid elements Solid compounds Liquids 

Ag 10.20 BaO 16.8 Bro 66:4 
B 17 BaCQz 26.8 H2O L673 
Ba 1S. 1 BaSO4 31°56 Hg LSo.17 
C(graph) 1.37 CaO 9.5 

C (diam) 0.6 Ca(OH)2 17.4 

Ca 9.95 CaCOz 22.2 

Cu 7.97 CuO 10.4 

Fe 6.49 Fe203 2185 

S (rh) 7.62 ZnO 10.5 

Zn 9.95 ZiS 13.8 


Monatomic gases Diatomic gases Polyatomic gases 


He s0:13 Ho S.2) H20O 45.1 


Ne 34.95 Do 34.6 CQO SLi 
Ar 36.98 Fo 48.6 SO2 59.4 
Kr 39.19 Cle aS ee HoS 49.1 
Xe 40.53 Bro 58.6 NO» D725 
H 27.39 CO 47.3 N20 52.6 
FE S792 NO 50.3 NH3 46.0 
Cl 39.46 No a5.7 03 56.8 
Br 41.80 Oo 49.0 
| 43.18 HF 41.5 
N 36.61 HCl 44.6 
c 37.76 HBr 47.4 
O 38.47 Hl 49.3 


Organic compounds 


Gases 
Methane, CH4 44.5 Ethylene, CoH4 52.45 
Ethane, CoHs 54.8 Propylene, C3H6 63.80 
Propane, C3Hs 64.5 1-butene, C4Hs 73.48 
n-butane, C4H10 74.10 cis-2-butene, C4Hs 71.9 
Isobutane, C4H10 70.42 trans-2-butene, C4Hs 70.9 
Acetylene, CoHe2 49.99 lsobutene, C4Hs 70.2 
Liquids 
Methanol, CH30H S02 Acetic acid, CH3COOH 38.2 
Ethanol, C2H50H 38.4 Benzene, CeaHs 48.5 


Table 8.3 gives the absolute entropies of a few elements and compounds. 
Note that the substances of similar molecular structure have nearly the same 
entropy. For example, among the solids the substances having the lowest 
entropies are hard rigid crystals with light atoms. This occurs because the 
entropy or disorder of a crystal is related to the amplitudes of vibration of its 
atoms about their lattice points. In soft crystals composed of heavy atoms the 
amplitude of vibration is relatively large, and in effect each atom moves in a 
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larger volume and has more freedom than is available in a more rigid crystal. 
Just as in the case of gases, this larger volume available to atoms means larger 
entropy. 

We can see also that the entropies of all monatomic gases are nearly the 
same, and tend to increase with atomic mass. The entropies of diatomic gases 
are greater than those of the monatomic gases, and the entropies of the tr- 
atomics are higher still. In gencral, as molecular complexity increases, entropy 
increases, for in a complex molecule the atoms can vibrate about their equilib- 
rium positions, and just as in solids, this motion contributes to the number of 
possible microscopic states and to the entropy. It is also true that the ability 
of a polyatomic molecule to rotate about its center of mass contributes to the 
entropy, and this contribution becomes larger as the molecule becomes more 
complex. 

The relation between molecular structure and entropy can be made quanti- 
tative; it is possible to calculate the entropy of a substance from the valucs 
of certain of the mechanical properties of its molecules. This is the subject 
material of statistical mechanics, which was mentioned at the beginning of this 
chapter. We shall discuss some of the quantitative aspects of this procedure 
in Section 8.14. For the present, however, we shall find it useful to remember 
the qualitative relation between entropy and molecular complexity. 

It is possible to calculate the entropy changes that accompany chemical 
reactions by using the table of absolute entropies. For the general reaction, 


aA + bB = cC+ dD, 


AS® = cS°(C) + dS°(D) — aS°(A) — bS°(B), 
= 5°S° (products) — >_S° (reactants). 


This procedure is of course, similar to the procedure used to find AH ° from 
enthalpics of formation. 


Example 8.4 Calculate the AS® for each of the following reactions: 


(a) $No(g) + $02(g) = NO(g), 
(b) Ca(s) + 502(g) = CaO(s), 
(c) $H2 — la. 


For reaction (a), we have 


AS. 


S°(NO) — $S°(N2) — $S°(O2) 
50.38 — $(45.7) — 5 (49.0) 
=r (eu. 


The entropy change is small, since reactants and products have similar structures. 
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A similar procedure for reaction (b) gives 


It 


AS® = §°(Cad) — S°(Ca) — 45°02) 


= —24.9. 


There is a substantial decrease in entropy here because the oxygen is being converted 
from a form in which there is considerable disorder (Oz), to a form in which the atoms 
are well localized at crystal lattice points. For reaction (c), 


AS® = §(II) — 48°(H») 


= 11.9. 


Now we have an increase in entropy, because when one hydrogen atom is dissociated 
from another, there are more microscopic states available to them than when they 
are linked. 


8.9 FREE ENERGY 


Our criteria for reversible and irreversible processes are 


AS = 0, reversible process, 


AS > 0, irreversible process, 


and we have now seen how to apply them to the processes of gas expansion and 
heat flow. While these relations allow us to decide whether a contemplated 
process will be reversible or irreversible, they are not always very convenient 
to use. In particular, the entropy change referred to is that of the system and 
ats surroundings. If the criterion of spontaneity were expressed in terms of the 
properties of the system alone, it would be much easier to use. 

To accomplish this, all we need do is define a new function of state called 
the Gibbs free energy, G: 


G=H — TS. 


To find the criterion of spontaneity in terms of G, we first write down its 
differential 


OE HEE INTE SNES 


Let us restrict our arguments to the conditions most common in chemical 
processes: constant temperature and pressure. In these circumstances 


i): 
df —_ a0, 
dG = dq — TdS (constant P, T). 
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But by the definition of entropy, T dS = dqrey; therefore 
aG — 40 — ore (constant P, 7). 
There are now two possibilities. If a process is reversible, dg = dqrev, SO 
Cc 0 (reversible process, constant P, 7). (8.29a) 


If a process is irreversible, gq < Grey, and dq < dqrey, by our arguments in 
Section 8.5. Therefore, 


AG =e ees 
dG < 0 (irreversible process, constant P, T). (8.29b) 


Equations (8.29a) and (8.29b) apply to infinitesimal changes. lor finite changes 
they become 
SG — reversible process, (8.30a) 


AG < Q, irreversible process. (8.30b) 


To decide whether a given process will be spontaneous when carried out at 
constant temperature and pressure, we have only to calculate the AG of the 
system alone. If AG is negative, the process will be spontaneous. If AG is zero, 
the initial and final states can exist at equilibrium with each other, with no net 
change. If AG is positive, the process will not occur spontaneously, but its 
reverse will. 

Let us test this criterion on a simple phase change, the evaporation of water 
to form vapor at 1-atm pressure. The free energy change is given by 

G= H — Ts, 
AG = AH — TAS, (8.31) 


for a process at constant temperature. Tor the reaction 
H.O(1) = H2O(g) (P= leatm), 
AH = 9710 cal, and AS = 26 cu. We then have 
AG 19/10 — 267. (8.32) 


Let us find the temperature that makes AG = 0, for when this is true, liquid 
water and water vapor at l-atm pressure will be in equilibrium with each other. 
To make AG = 0, we must have 

He FO =8260 . 

(he — oe 
This temperature is, of course, the normal boiling pomt of water, the tempera- 
ture at which the liquid and vapor at l-atm pressure are in equilibrium. 
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To find the conditions under which the evaporation of water to the vapor 
at l atm is spontaneous, we return to Eq. (8.32) and require that AG < 0. 
This will occur if 

9710 


LS yo Bea IG 


Therefore, at temperatures greater than 100°C, the formation of water vapor 
at l-atm pressure is spontaneous. Thus the conclusion reached by thermo- 
dynamic argument is consistent with our intuitive expectation that water 
heated above its boiling temperature will evaporate irreversibly to vapor at 
l-atm pressure. 

Finally, we note from Eq. (8.32) that if 7’ < 373°K, then AG is positive. 
This means that at temperatures below the normal boiling point, the evapora- 
tion of water to form the vapor at 1-aim pressure will not occur. On the other 
hand, for the reverse process, water vapor at 1 atm going to liquid water, AG is 
negative when T < 373°K. Thus the condensation of a supersaturated vapor 
is a spontaneous irreversible process. 


8.10 FREE ENERGY AND EQUILIBRIUM CONSTANTS 


To decide whether a certain change of state is spontaneous, we have only to 
evaluate the accompanying free-energy change and apply Eq. (8.30). Note, 
however, that entropy and, consequently, free energy depend on_ pressure. 
Therefore we must be careful to specify the pressure or, in general, the concen- 
tration conditions for which a free-energy change is evaluated. Hence, it is 
convenient to tabulate the standard free-energy change AG® of a process, where 
AG® is the free-energy change that accompanies the conversion of reactants in 
their standard states to products in their standard states. 

In discussmg thermochemical problems, we associated a standard enthalpy 
of formation with each compound in its standard state. In a similar manner we 
can define a standard free energy of formation AG? as the free-energy change 
that occurs when one mole of a compound in its standard state is formed from 
its elements in their standard states. It is not difficult to obtain values of AG?, 
since this quantity is related to AH? and AS? by 


AG? = AH? — T ASP, 


where all the thermodynamic quantities are evaluated at a single temperature 7’. 
Table 8.4 gives the values of AG? at 298°KX for several compounds. The stand- 
ard free energy of formation of all elements is defined to be zero. 

Once we have the value of AG? for each compound, we can compute the 
standard free-energy change for any reaction 


aA + 6B = cC+dD 
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Table 8.4 Free energy of formation, AG? (kcal/mole) at 298°K 


GASES SOLIDS 
H20 —54.64 BaO —126.3 
H209 —24,7 BaSO4 —350.2 
03 39.06 BaCOzg —272.2 
HCl —22.77 CaO —144.4 
S02 —71.79 C2CGz —269.8 
$03 —88.52 Ca(OH)e2 —214.3 
HeS — 7.89 Fe203 —177.1 
N20 24.9 Al203 —376.8 
NO 207 2 CuO — 30.4 
NO2 12.39 Cu20 — 34.98 
NH3 — 3.97 SiO2 —192.4 
CO —32.81 ZnO — 76.05 
C02 —94.26 PbOg — 52.34 


ORGANIC COMPOUNDS 


Gases 
Methane, CH3 —12.14 Ethylene, CoH4 16.28 
Ethane, CoHe — 7.86 Propylene, C3H6 14.90 
Propane, C3Hg — 5.61 1-butene, C4Hs 17.09 
n-butane, C4Hio — 3.75 cis-2-butene, C4Hg 15.74 
Isobutane, CaHi9 — 4.3 trans-2-butene, C4Hg 15:05 
Acetylene, CoH2 50.00 lsobutene, C4Hg 13.385 
Liquids 
Methanol, CH30H —39.73 Acetic acid, CH3COOH —93.8 
Ethanol, CoH50H —41.77 Benzene, Ce6Hs 29.76 


GASEOUS ATOMS 


H 48.57 16.77 
F 14.2 C 160.84 
Cl 25.49 N 81.47 
Br 19269 O 54.99 





by the expression 
AG® = cAGP(C) + dAGP(D) — a AGP(A) — b AG? (B). 
In general, 
AG® = >> AG? (products) — >> AG/ (reactants). (8.33) 


If AG® for a chemical reaction is negative, the reactants in their standard 
states will be converted spontaneously to products zn their standard states. If 
AG® is positive, this conversion will not be spontaneous; however, the cor- 
responding reverse reaction will be. 
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Just because AG® for a reaction is positive does not mean that no products 
are formed from reactants in their standard states. Some products ean be 
formed, but not in econeentrations as great as that of the standard state. Our 
problem now is to find out how the magnitude of AG® is related to the aetual 
amounts of reactants and products present when a reaction reaches equilibrium. 

To aeeomplish this, we must have an expression for the dependence of free 
energy on pressure. I*rom the definition of free energy, 


G=H—TS=E+PV — TS, 
we obtain 
dG=dHE+ PdV+VdP—TdS — Sat. 


But for a situation in whieh only pressure-volume work ean be done, di = 
eo! ll’, so 
dG = dq VdP —Tds—S8 dT. 


Equating 7 dS and dq then gives us 
dG = VdP — Sart. 
lor a pressure ehange at constant temperature, 
OG a Vidie. (8.34) 


In the following diseussion, quantities that apply to one mole of material 
will be denoted by a bar superseript, asin V = R7T’/P. Then for one mole of 
an ideal gas, Eq. (8.34) beeomes 


dG = “ap 


Let us integrate this expression, taking as one limit of pressure P° = 1 atm, 
the standard pressure. Then the corresponding limit for @ will be G°, the 
standard free energy of one mole of the ideal gas. We get 


- 
[ae [star 
G? 


o—_ C= = RT ing = ioe ner 


where G is the molar free energy at any pressure P (in atm) and G° is the 
standard free energy. If, instead of 1 mole, n moles are considered, we get 


nG = nG°+ nRT InP. Lo00) 
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Equation (8.35) is just what we need to relate AG° to the equilibrium con- 
stant. The next step is to calculate AG for the general reaction between ideal 
GAses, 


aA(Pa) + bB(Pg) = cC(Pc) + dD(Pp), 
where P4, Pp, ete., are the pressures of the reactants and products. We have 


AG = )°G(products) — >)G(reactants) 
= cG(C) + dG(D) — aG(A) — dG(B). 


Use of Eq. (8.35) gives 


AG = (cG°(C) + d@°(D) — aG°(A) — bG°(B)] + cRT In Pe 
+dRT In Pp —aRT InP, — ORT ln Pg. 


The bracketed terms are equal to AG®, and the remaining terms can be com- 
bined to give 

(Pc)*(Pp) | 
(Pa)2(Pp)® 


This is an important equation. It relates the free-energy change for any ideal 
gas reaction involving arbitrary pressures of reactants and products to the 
standard free-energy change and the pressures of the reagents. 

Suppose that the pressures in Eq. (8.36) are those that exist when reactants 
and products are in equilibrium with each other. Then AG = 0, since initial 
and final states are in equilibrium, and 


— ace (Poy (Pot| | 
= a6" + RE Re F 


AG = AG°+ RT ln (8.36) 


Because the pressures are those that exist at equilibrium, the term in brackets 
is equal to the equilibrium constant K, so 


AG PT In ke (8.37) 


Equation (8.37) is the quantitative relation between the standard free-energy 
change and the equilibrium constant that we have been seeking. 

The importance of Eq. (8.37) cannot be overstated. In the first place, it 
constitutes a proof that there is such a thing as the equilibrium constant. That 
is, since G is a state function, AG® must be a fixed constant whose value depends 
only on the temperature and the nature of the reactants and products in their 
standard states. Therefore Eq. (8.37) says that at a fixed temperature, the 
concentration ratio 

(Pc)°(Pp)* _ 
enc(en)® J 


is a fixed constant at equilibrium. 


K 
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The second important feature of Eq. (8.37) is that it supplies the bridge 
between properties of individual substances and the extent to which reaetions 
proceed. The standard free-energy change ean be ealculated from the values 
of AG? for reactants and products, and these quantities ean be obtained from 
the values of AH; and S°. Therefore Eq. (8.37) is the final step in the calcula- 
tion of chemical reactivity from the “thermal” properties, AH? and S°, of pure 
substances. 

Finally, Eq. (8.387) permits us to make a more thorough interpretation of the 
meaning of the sign of AG®. The use of antilogarithms gives 


Ke Ee AG 2kT (8.38) 


We can see now that if AG° < 0, the exponent will be positive, K will be 
greater than unity, and will increase as AG° beeomes more negative. Thus 
reactions with the largest negative values of AG° will tend to proceed to eom- 
pletion to the greatest extent. Conversely, if AG® > 0, K will be less than 
unity, and although some products will be present at equilibrium, most material 
will be in the form of reactants. The speeial and rare ease in which AG® = 0 
corresponds to an equilibrium eonstant of unity. 

Writing Eq. (8.88) in a slightly expanded form gives more insight into the 
“driving forces” of chemical reactions. We use 


AG®° = AH® — TAS®, (8.39) 
which with Eq. (8.38) gives us 


age esl Ro—ASHRT (8.40a) 


= 194 5°/2-3R4Q-4H/2.3RT (8.40b) 


We see that the larger AS ° is, the larger K is. Thus the tendency toward maxi- 
mum molecular chaos direetly influences the magnitude of the equilibrium 
constant. It is also clear that the more negative AH ° is, the larger K is. In 
this way, the tendency of atoms to seek the state of lowest energy helps deter- 
mine the equilibrium constant. 

Since the standard state for gases was chosen as | atm, the concentration 
unit to be used in the equilibrium constants of gaseous reactions is the atmo- 
sphere. However, application of the general relation Eq. (8.87) is not restricted 
to gases. To deal with reactions in solution, the free energy of any “ideal” 
solute ean be expressed as 

G=G°+ RT nS 
where C is any appropriate concentration unit, and C° is the standard con- 
centration, for example 1 A/. Using this equation, a derivation can be carried 
through to yield Eq. (8.87) with K expressed in concentration units. Thus, 
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provided care is taken to specify correct concentration units, lq. (8.37) can be 
applied to any reaction taking place under ideal conditions in solution or in 
the gas phase. 


Example 8.5 Calculate the standard free energy of formation for ozone at 298°K 
from the values of NS and S° given in Tables 8.1 and 8.3. The formation reaction is 


302(g) = Oaly). 
We will calculate AG; (Oa) by the expression 
AG? = Al ea AG 


The value of AH; obtained directly from Table 8.1 is AH (Os) = 34.0 keal. The 
entropy of formation must be calculated from 


AS; = S°(O3) — $8°(O2) 
= 56.8 — 3(49.0), 
AS;(O3) = —16.7 cal/mole-deg. 


Therefore 

AG)? = 34,000 — (298)(—16.7) 
34,000 +- 4980 
39,000 cal/mole. 


Example 8.6 Calculate AG® and A for the reaction 
NO+ O03 = NOo+ Oso. 


Is the size of the equilibrium constant principally a consequence of the All® or of the 
AS° for this reaction? For AG® we have from Table 8.4, 


he B=NAGH(NOs A e.(Op = AG (NO) — AG (Om 
50 Oa ou.) 
= —47.3 kcal. 
By Eq. (8.388) 
K = 10—2¢°/2.3RT — 19+(47,300)/1360 — 5 x 1934, 
The equilibrium constant greatly favors the products. By Eq. (8.40a) 


K = e48%Re-AHURT 
We can evaluate the contribution of enthalpy and entropy to the equilibrium separately: 


AH® = AIEP(NOs) + AlIP(O2) — AH; (NO) — AH; (Os) 
Soe 0. 216d — 3.0 
—47.5 keal. 
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For AS® we have 


eee? (NO>) 7502) S (NO) — §"(03) 
57.5-+ 49.0 — 50.3 — 56.8 


—0.6 cal/deg. 


Thus by Eq. (8.40b) 


K 10 +48°/2.3RjQ—AH°/2.3RT 


I 


— 10—0.1319 434.8 


The entropy change for the reaction is very small, since the geometrical molecular 
structures of products and reactants are very similar. Thus the real “driving force” 
for this reaction is the fact that the products are energetically more stable than the 
reactants. 


8.11 ELECTROCHEMICAL CELLS 


We have already at our disposal one method of obtaining standard free-energy 
changes for chemical reactions: the use of Eq. (8.39). In this section we will 
show that measurement of the standard cell potential AS° can give us AG° for 
a reaction. This should not be surprising, since we know that AG° and the 
standard cell potential are both related to the equilibrium constant; they 
certainly should be related to each other. 

To establish the relation between AG° and A&°, we must first find the con- 
nection between free energy and electrical work. From the definition of free 
energy we get 

dG = dH — TdS — S dT 
=dqgt+dwt+PdV+VdP—TdS —S aT. 


Once again we restrict our argument to a reversible process at constant tem- 
perature and pressure, and let dg = T dS. This gives us 


Ge ed 


The term P dV is the work done by volume changes, while dw represents all 
the work done by the system. If the system is an electrochemical cell, dw 
includes pressure-volume work and the electrical work, so we can say 


WwW = Wpy + Welec) 
dG=dw+Pdv 
= dwpv + dWelee + P dV 
= dWelee; 


AG =-+Welee (P, T constant). (8.41) 


Thus AG for a process is the reversible electrical work done on the system. 
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Our second step is to express the electrical work as the product of an amount 
of charge times the voltage difference through which it is transferred. For n 
moles of electrons, this is given by 


Welee = —N XS X AG, 


where § is the faraday, the charge on one mole of electrons. The minus sign 
appears here for the same reason it appears in the expression for the pressure- 
volume work. If the system is capable of producing a potential difference A& 
between electrodes, it does work on the surroundings as the charge n passes. 
Hence w, the work done on the system must be negative, and the minus sign 
accomplishes this. Therefore the relation between AG and Aé& is 


AG = sie AG. (8.42) 
If the change is between standard states, then 
AG® = —ng As". (8.43) 


Equation (8.43) shows that measurement of the standard cell potential can 
give us the value of AG° directly. This measurement is in fact one of the most 
convenient ways to obtain free energies of formation. If AG? is known for all 
substances in the cell reaction except one, measurement of A8° gives AG®, and 
then use of Eq. (8.33) allows calculation of the unknown AG). 

In Chapter 7, we introduced the Nernst equation, 


0.059 
n 


AS = A&° — log Q, 


where Q is the quotient formed by the product of the concentrations of the 
products, each raised to its stoichiometric coefficient, divided by a similar 
product of reactant concentrations. We can now derive the Nernst equation 
from the more general relation Eq. (8.36). First we rewrite Eq. (8.36) in terms 
of concentrations: 


[Cc] ‘[Cpl? 


AG = AG® RT lh = 
fae " (Eal(Cal? 


or 
AG = AG®°+ RT InQ. 


We introduce Eqs. (8.42) and (8.43) to give 
_ ago __ AP 
AG = AS ne InQ. 


Converting to base-ten logarithms results mn 


Pe 
ny 


A& = A&° log Q. 
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To evaluate the constant terms we lect 


R = 1.98 cal/mole-deg, 
fe 295" ls 
oi 126,00 local volt. 


and find that 
0.059 


" log Q, 


A& = A&’ — 
which is the usual form of the Nernst equation. 

Equation (8.42) shows that the voltmeter connected to an electrochemical 
cell is really a free-energy meter. A cell reaction proceeds so long as A& or AG 
is not zero. When A& = 0, the cell has “run down” or reached equilibrium; 
that is, the reactants and products have reached concentrations at which their 
free energies are the same. 


8.12 TEMPERATURE DEPENDENCE OF EQUILIBRIA 


While Le Chatelicr’s principle provides a qualitative guide for predicting how 
equilibria are affected by changes in temperature, we can obtain a quantitative 
rclation between AK and T by using the thermodynamic concepts available to 
us. To derive this expression, we combine two fundamental relations, Eqs. 


(8.37) and (8.39), 





AG® = —RT ln Kk, (8.37) 
AG® = AH® — T AS®, (8.39) 
to give 
AH®  as°® 


This equation says that if AH° and AS° are constants independent of tem- 
perature, In K is a linear function of 1/7. But are AH ° and AS ° independent 
of temperature? Equation (8.20) shows that if the difference in the heat 
capacities of reactants and products is very small, then AH °® is essentially 
independent of temperature. Likewise, since AS° at any tempcrature 7 can 
be expressed as 


fi 
Neca ome | aoe ie 
208 LT 


* This value is derived by writing 


5 = 96,487 coul = 96,487 volt-coul/volt 
= 96,487 joules/volt, 
1 cal = 4.1840 joules, 
$F = 96,487/4.1840 = 23,061 cal/volt. 
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if ACp & 0, AS° is also independent of temperature. If we accept this approxi- 
mation, then Eq. (8.44) teaches us that for an exothermic reaction, A decreases 
as T increases, and for an endothermic reaction, A increases as 7’ increases. 
These facts are consistent with the qualitative conclusions based on Le Chatelier’s 
principle. 

Not only does the sign of AH ° indicate the direction in which A changes; 
for a given temperature variation, the magnitude of AH ® determines how rapidly 
K changes as a function of temperature. According to Eq. (8.44), plotting In A 
as a function of 1/T should give a straight line whose slope is — AH? iene 
the more negative AH ° is, the faster In K should decrease as T increases, and 
vice versa. Figure 8.9 demonstrates the validity of these conclusions. 


().8 
0.6 
0.4 (a) 


0.2 


log K 


0.0 
—(.20 


— 0.40 


Log K versus 1/T for two reactions. b) 


(a) COo2(g) + Ho(g) = CO(g) + H20(g), — 0.60 
AH = —9.1 kcal; (b) SO3(g) = SO2(g) + or 


10 eA aoe 2 \KGal, 
202(8) 080 090 1.0 1 1200S 


A/D ates 


Another form of Eq. (8.44) that is particularly useful for numerical calcula- 
tions can be obtained by writing 
, ME INS AH®  AS® 
Inky = — pet’ DN = eT. | 


and then subtracting the first of these expressions from the second. The 


result is 
0 
Ke allt) 5) 


Equation (8.45) shows that if we know the value of AH ° and of the equilibrium 
constant at one temperature, we can calculate A at any other temperature. 
Also, if we measure K at two temperatures, we can calculate AH ° by Eq. (8.45). 
Thus it is possible to obtain AH ° for a reaction without ever doing a calori- 
metric experiment. 
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Example 8.7. For the reaction 
NO(g) + 302(g) = NOo(g), 


AG® = —&8.33 kcal and AH® = —13.5 kcal at 298°K. Calculate the equilibrium 
constant at 298°K and at 598°K. 
By Eq. (8.38), 
oeawiiee ean 


= 1()+8330/(2.3)(1.99)(298) 


= 1,28 X 10°. 


To find the equilibrium constant at 598°K, we cannot use Eq. (8.38), since we do not 
know AG® at this temperature. However, we can use Eq. (8.45): 


NE Ko IB OS A 1 
In = = 2.3 log — = -“(e-z) 
1 


Ky in R T2 T) 
: 13,500 f 1 1 

log Ko = 1.16, 

Ko = 14.4. 


The equilibrium constant of this exothermic reaction is smaller at the higher tem- 
perature, which is consistent with Le Chatelier’s principle. 


Example 8.8 For the rcaction 
5No(g) + #Ha(g) = NHa(g), 


fees < 10-2 at 673°K, and A = 3.8 X 10-° at 773°K. What is AH® for this 
reaction in this temperature range? We simply substitute the values of A and T in 


Kiq. (8.45) to give 
93 lop 28X10 _ AH (1 1 
8 T3xK 10-2 1.99 \773 673)” 


AH® = —12.7 keal. 


8.13 COLLIGATIVE PROPERTIES 


The equations that we have developed will be very useful in our subsequent 
discussions of the descriptive chemistry of the elements. However, it is worth 
noting that Eq. (8.45) in particular can be used to analyze the physical processes 
of boiling-point elevation and freezing-point depression by dissolved substances. 
By using Eq. (8.45), we can find out how the empirical constants for boiling- 
point elevation and freezing-pomt depression are related to more fundamental 
properties of the solvent. 
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Let us first consider the boiling-point elevation phenomenon in an ideal solu- 
tion of a volatile solvent and a nonvolatile solute. The equilibrium is between 
liquid solvent at a mole fraction x, and its vapor at a pressure of latm. The 
corresponding reaction is 


liquid (concentration z,) = vapor (1 atm). 


The equilibrium constant for this reaction is 


_ [vapor] latm _ 


1 
~ (hquid)) [m4] [va] 








Since we are always interested in the normal boiling point of the solution, the 
vapor concentration is always 1 atm. 

Depending on the concentration 1, the solution boils at different tempera- 
tures. To connect x; and the boiling temperature, we must find the temperature 
dependence of the equilibrium constant. Our general expression is 


Ky 5 Ane eee 5 
In Te, _ R (7. i) (8.45) 


Let us choose 7, as the boiling point 7, of the pure solvent; thus x; = 1, and 
K, = lat T; = Ty. For Ke we substitute 1/x,, the value of the equilibrium 
constant at the arbitrary temperature 7’, = T. Also AH ° must be the enthalpy 
of vaporization. With these substitutions, Eq. (8.45) becomes 








ee — — Swe (t- 7) 

ze ty) Fm eT) 
AT T 

ht eq R “TT, 


The boiling-point elevation AT’ is Just 
AT = T — To, 


and if the solution is dilute, AT’ is small and 7'’~ Ty. Therefore we can set 
TT, equal to T?, and get 
ae Roe 


ae ask: 
b 


ne) = — 


We can simplify this expression further. If we have a two-component 
mixture, then x; = 1 — 22, and 


In vz; = In (1 — ve) & —Zo, 
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where the last equality holds if x2 is small. Consequently we can write 


2 
a ee Seven Ap ap = Ps 


9 v9. 

fel AA yap 
Let us recall that in Chapter 4 we showed that for dilute solutions, x2 was 
related to the molality m by 


Be Bhi 
1000). 


where A/, is the molecular weight of the solvent. Using this relation gives 


_ f RTS M, 
Si (fo i) m (8.46) 


— Orie 


Equation (8.46) provides us with an explicit expression of the boiling-point 
elevation constant K, in term of T;, 47), and AH,,,. All of these are properties 
of the solvent alone, so Ky, should be applicable to any ideal solution of a 
particular solvent. 

The same type of analysis can be applied to the freezing-point depression 
phenomenon. In this case, the equilibrium is between a pure solid solvent and 
the same material as a liquid of concentration x,;. The reaction we consider is 


solid (pure) = liquid (concentration 71). 


Since the concentration of the pure solid is contant, the equilibrium constant 
is simply 
ko Lani 


Once again we are interested in the temperature at which equilibrium is 
reached for solutions of various concentration, and therefore we must find the 
relation between K and T’. We start with Eq. (8.45) and choose 7) = T'tus, 
the freezing point of the pure solvent. Therefore at 7), 7; = 1 and Ky, = 1. 
The equilibrium constant at the arbitrary temperature 7 = T', has the value 
Ky = K = 2), and AH ’° is the enthalpy of fusion. Thus 





We realize that the freezing-point depression AT is equal to 7T;,, — 7, and 
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that T7;,, & TZ, for small AT. As a result we get 


eee AiG Ao 
TR PP 
us 


Setting In x; = In (1 — xe) = —2z2 as before gives us for AT 


ee ure 


At - 
Mal fus 


XQ. 


Conversion of x2 to molality results in 


2 3 
ie (Atte th) m (8.47) 
1000 AA tus 


=e 


Equation (8.47) shows that the freezing-point depression constant Ky Is a 
function only of the properties of the solvent itself. 

We turn now to the phenomenon of osmotic pressure, which has been 
described in Section 4.4. As pointed out there, we are dealing with an equilib- 
rium between a pure solvent and the same solvent in a solution to which some 
external pressure has been applied. This equilibrium will be reached only when 
the molar free energy of the solvent 7n solutzon is the same as that of the pure 
solvent. The molar free energy of an ideal solvent of mole fraction z, is 


G = G°+ RT Inzy, 


where G° is the free energy of the pure solvent. Since x, is less than unity, 
In 2, 18 negative, and the solvent m solution has a smaller free energy than the 
pure solvent. 

If an external pressure Is applied to the solution, the free energy of the solvent 
may be increased to the point at which it is equal to the free energy of the pure 
solvent. According to Eq. (8.34), the effect of pressure on free energy is given by 


ONC RY 


for a process at constant temperature. Since the osmotic pressure 7 is the 
pressure on the solution in excess of that exerted on the pure solvent, the 
increase of the molar free energy due to this pressure is 


c= | dP = rV. 
0 


We have assumed that the solvent is virtually incompressible, so that the molar 
volume V is independent of pressure. 
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The combined effects of dilution and of external pressure on the free energy 
of the solvent are given by 


Cate RT ly x, -arV. 


When the solvent in solution is in equilibrium with the pure solution, G = G°, 
and 
wV = —RT In aya 


Substituting x; = 1 — xo and expanding the logarithm as before gives 
aV = RT 2. 
If the solution is dilute, rz & no/n,, and V = V/n,, where V is the volume of 


the solution and n, and mn» are the numbers of moles of solvent and solute, 
respectively. Therefore 


Pe = RT =, 
nN} nN 
re ee. pi, (8.48) 


V 


where c is the eoneentration of solute in moles per liter. Thus we have arrived 
at the expression used in Seetion 4.4 to relate the osmotie pressure 7 to the 
eoncentration and temperature of the solution. 


8.14 HEAT ENGINES 


Early work in thermodynamies was very much econeerned with the operation 
and efficiency of devices for converting heat into useful work. Indeed, there are 
two common statements of the second law of thermodynamies which have to do 
with the existence of natural limitations on the conversion of heat to work. 
In this seetion, we shall use our understanding of the second law to deduce the 
limiting efficiency with which heat ean be converted to work in cyclieal or 
repetitive processes such as occur in practical engines. To do this, we shall 
analyze the behavior of an idealized device called the Carnot heat engine. 
The first component of a Carnot heat engine is a souree of heat whieh is 
maintained at a constant high temperature 7',. In an actual engine, this source 
of heat might be a eombustion chamber or nuelear reactor. The second ecom- 
ponent of the Carnot engine is a heat sink, maintained at a low temperature 
T’., which receives any heat which might be discarded by the engine as it operates. 
In a real working engine this heat sink might be the atmosphere or a cooling 
bath. The engine operates by earrying a working substanee through a eyele, 
or by a sequenee of changes which converts heat into work and returns the 
working substance back to its original state. The working material is most 
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FIG. 8.10 
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(b) (c) (d) 


The operation of a Carnot heat engine: (a) Isothermal expansion at T;. (b) Adiabatic 
expansion. (c) lsothermal compression at T-. (d) Adiabatic compression to original state. 


commonly a gas, but it may be any substance. For convenience, we shall refer 
to the working substance as a gas. 


The cycle used in the Carnot engine is shown in Fig. 8.10. There are four 


steps, each of which is carried out reversibly: 


lip 


The working gas absorbs q, units of heat from the hot reservoir; while doing 
so, the gas expands isothermally and reversibly and does work. The value of 
gq, is positive, but wy, the work done on the gas, 1s negative. 


. The working substance is thermally isolated from the surroundings. The 


gas expands, and does work. However, q2 = 0, since the gas is thermally 
isolated. Such a process is called an adiabatic expansion. Since the gas does 
work without receiving heat, its internal energy and temperature decrease. 
The adiabatic expansion continues until the temperature of the gas has 
dropped from 7’, to 7’, the temperature of the heat sink, or cold reservoir. 


. The gas is brought into thermal contact with the cold reservoir and then 


compressed isothermally. This process deposits heat into the cold reservoir, 
so q3, the heat absorbed by the gas, is a negative number. Work is done on the 
gas as it is compressed, so wg 1s a positive number. 


_ In the final step, the gas is again thermally insulated and compressed 


adiabatically. Therefore, g4 = 0, and wa, is a positive number. During the 
compression, the gas temperature rises to 7’. 


At the end of the cycle the gas has returned to its initial state. Therefore, 


ASeas — 0, Aye —- Cond so 


Gi 93 = — Wy — Weg — ae (8.49) 
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Here w is the net work done on the gas, so —w is the net work done by the gas. 
Also q; + q3 is the net heat added to the gas, so Eq. (8.49) is a statement of the 
conservation of energy. 

To find the limitations on the net work done by the gas, we must consider 
the entropy changes that occur during one cycle. According to the second law 
of thermodynamics, the total entropy change of the gas and the two reservoirs 
must be zero, because the whole cycle is carried out reversibly. That ts, 


ND fas +" res aul 


But ASgas = 0, because the final state of the gas 1s the same as the initial state, 
and therefore AS;~,; = 0. Thus we can write the entropy change of the reservoirs 
as 


The minus signs appear here, because when gq; (or q3) is absorbed by the gas, 
the same amount Is lost by the reservoirs. Now we use 


d+q3 = —w 
to find that 
q1 Oe ae ub 
—-H R= 9 
iu ee 
or 
q1 h 


The quantity —w/q, is Just the net work done on the outside world, divided by 
the heat extracted from the high temperature source. Therefore, it is the efficiency 
n of the reversible Carnot engine. 

Equation (8.50) shows that in order for the efficiency 7 to approach unity, 
the temperature ratio T/T, must approach zero. It can be proved that no 
other heat engine can exceed the efficiency of the Carnot engine, and thus Eq. 
(8.50) provides the limiting value of the efficiency of any heat engine operating 
between the two temperatures 7, and T.. Clearly, it is advantageous to make 
T;, as large, and 7’, as small as possible, but there are practical limitations imposed 
by nature of heat sources, the properties of working materials, and the avail- 
ability of cold reservoirs. In commercial steam heating plants, 7’, and 7’, can be 
maintained at values such that the efficiency is 45 percent even with friction 
and heat losses included. In contrast, the automobile engine operates at an 
efficiency of only 15 percent, partly because of a rather high exhaust manifold 
temperature. 
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In Section 8.7 we advanced the qualitative, inturtive argument that entropy 
was related to our lack of detailed knowledge or information about the micro- 
scopic state of a system. In this section we shall make this idea somewhat more 
precisc, and thereby indicate how entropy can be calculated from the mechanical 
properties of the molecules which make up the system. To begin, we must 
specify what we mean by mformation. 

The various sources of information such as clocks, radio dials, stop lights, 
etc., which we encounter in our lives can be thought of as devices which send 
messages to us. How much information is in each message? A little reflection 
suggests that the amount of information in any one message decreases as the 
probability that that particular message might be sent increases. Tor example, 
a railroad gate has two possible messages: if it 1s up, no train is coming in the 
immediate future; if it 1s down, a train will be along sometime soon. The 
message that the gate is closed may be very interesting, but does not contain 
much information, since there 1s only one other possibility. The message that 
the gate is open contains even less information, since this is the usual or more 
probable situation. Contrast this situation with the information conveyed 
by a 24-hour digital clock that gives the time to the nearest minute. If we 
have absolutely no information concerning the time, we know that there are 
24 <x 60 = 1440 messages which might be sent, and consequently the nforma- 
tion in any one of them is quite large. If we know, by virtue of some previous 
experience, that the time is 12 o’clock plus or minus 15 minutes, then the 
amount of information In a message Is correspondingly less. We assert, then, 
that if p; 1s the probability that a message will be sent, the information /; mn 
the message is a funetion J;(p;) of p;, and increases as p; decreases. 

Suppose two messages 7 and j are sent quite independently of each other. 
It is reasonable to require that the total information received, /;;, 1s the sum 
of the information contained in the separate messages: 


Lis(pis) = 1:(p2) + 1,(p)). 


Here p;; is the probability that the two messages 7 and 7 will be sent. If mes- 
sages 2 and 7 are truly independent, the probability of both being sent 1s Just 
the probability of one times the probability of the other. Thus 


Pij = Pi X Yj. 


We see, then, that information is a function of the probability of a message, 
that trdependent information is additive, and that zrdependent probabilities are 
multiplicative. How then does information depend on probability? The only 
funetion that satisfies these conditions 1s the logarithm, and so we must have 


I; = —kin p; = kln (1/p,), (8.51) 
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where / is, for the moment, an arbitrary positive constant. Since p; < 1, the 
minus sign is inserted so that J; will be a positive quantity. We see from the 
definition that 


ee inp inp, — Kin p;7;, 
and since p;; = p: X p; for independent probabilities, it follows that 
i |. 1; = —f ln Pil = lee 


This shows that, as we required, information is indeed additive if the proba- 
bilities of the messages are mdependent. 

Now we can start to apply this analysis to the problem of the entropy of 
thermodynamic systems. The microscopic state of a system of independent 
molecules such as an ideal gas can be regarded as a message. This message 
would consist, 1f we were to use quantum mechanics, of all the quantum num- 
bers which specify the motion of all the atoms. If we were to use classical 
mechanics, 1t would consist of a list of the positions and momenta of all the 
atoms. Clearly, with as many as a mole of atoms, the number of different 
microscopic states possible is enormous. The probability that any one of them 
will occur is, therefore, very very small, and the information contained in the 
message that a particular one has occurred is very great. Since we never do 
know the microstate of a thermodynamic system, we can regard —k In p; as 
a piece of missing information about the system. Of course, other microstates 
occur, and the missing information associated with them may be different 
from —Aln p;. The average missing information would be 


I= —klnp; = >, p,; In p;. 


That is, we take the misstng information associated with each microstate, 
weight it with the probability that the microstate occurs, and add these quan- 
tities together. 

We now make a major assertion: the entropy of a system is proportional to 
the average missing information associated with it, and is given by 


$= —kE pnp, 


where k has the value of Boltzmann’s constant, 1.380 x 107!° erg/degree. 
Clearly, in order to test this assertion we would have to calculate the entropy 
of a system and compare it to an experimental measurement. To do this cal- 
culation, we must know the values of p;. This ts achieved by saying that in the 
absence of any information concerning the microscopic state of the system, 
each microscopic state has the same probability of occurring. Therefore, if 
there is a total of 2 microscopic states available to the system, the probability 
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of each is 1/2. We can then deduce that 
Se —k > p; In ; = -k XD pine 


=kiInQ> p= (kn Ox = 
Ser ln (8.52) 


since there are 2 microstates, each with probability 1/2. We have now arrived 
at a fundamental equation of statistical thermodynamics: the entropy is Boltz- 
mann’s constant times the natural logarithm of the number of microscopic 
states available to the system. When Q is calculated correctly, this equation 1s 
in exact agreement with experiment. We have found in Eq. (8.52) the origin 
of our statement that entropy is a measure of the number of microscopic states 
associated with a macroscopic state. 

It appears that it was necessary to make two postulates in order to derive 
Eq. (8.52). The first was that entropy was equal to the average missing infor- 
mation associated with a system, and the second was that the probability of 
each microstate was the same. Actually, it is possible to show that the quantity 


> pin D: 


has its maximum value when all the p; are equal. Thus we can condense our 
postulates and say that entropy 1s proportional to the maximum missing 
information associated with a system. 

The actual evaluation of @ has been carried out for the ideal gas, the ideal 
solid, and other systems of chemical interest. Such calculations are moderately 
involved, and will not be carried out here. We can, however, show how Q for 
an ideal gas depends on the state parameters V and 7’, and use this result to 
calculate AS for an isothermal expansion and a temperature change at constant 
volume. 

Consider an isothermal expansion of an ideal gas. The initial and final 
entropies S; and Sy are different, and so the microstates Q; and Q; associated 
with the initial and final macroscopic states are different. ‘Thus 


AS = S;="s8; = BinG, — kink; 
Q 
= kin 5 


and so we have to calculate only the ratio Q;/Q; rather than their absolute 
values. Suppose that there were only one molecule in the gas. The number of 
microstates available to this molecule should be proportional to the number 
of places the molecule can be, and hence to the volume of the container. This 
is also true for each molecule in a system of N molecules. The number of micro- 
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states available to the whole system 1s the number of states available to mole- 
eule 1 times the states available to moleeule 2, and so on. Thus for an ideal 
gas of N moleeules, we have 


Ogee le 
Consequently, for an 1sothermal expansion, 


2,/2; = (V4/V3)", (8.53) 
and therefore 
AS=y |ni (Q,/2;) = 9 Biol CA aw 
== ln Vs) 


OF 


AS = nNok in (V;/V;) = n& In (V;/¥;,) (8.54) 


if the number of molecules N is expressed as the number of moles n times 
Avogadro’s number No. Equation (8.54) 1s the same as the result we obtained 
earlier by using thermodynamiue reasoning, and helps to confirm the idea that 
our probabilistie or statistireal interpretation is eorreet. 

Our analysis reenforces the explanation given in Section 8.7 of why a gas 
expands spontaneously from a small volume into a large volume. The value of 
2, for the gas in the small volume ts smaller than the value of Q; for the gas m 
the larger volume. We can say, therefore, that because the gas mn the large 
volume can exist in that state in many many more ways than it ean exist mn the 
small volume, it is overwhelmingly more probable for the gas to oecupy the 
large volume. To see how enormously more probable the oecupation of the 
larger volume is, consider the situation in which one mole of an ideal gas 1s 
given the opportunity to double its volume. By Eq. (8.53), for one mole of gas, 


Onn (V1/V.)*° — 9No _. 9(6X10"") 


Thus the chanee that the gas will remain tin the smaller volume is less than 
about one in 10!°°, whieh is rather negligible. We can attribute the “spon- 
taneous” free expansion of a gas to the faet that the moleeules are Just doing 
what is overwhelmingly probable for them to do. 

We shall now give a heuristic demonstration of how statistieal considera- 
tions ean be used to calculate the entropy ehange of an ideal monatomic gas 
whieh is heated at constant volume. As energy is added to the gas, the average 
momentum of the moleeules increases. Since the range of momenta in whieh 
we would find moleeules inereases with increasing energy of the gas, we ean 
deduee that the number of mieroseopie momentum states mereases with 
inereasing temperature. 

For one molecule, the number of momentum states should inerease propor- 
tionally to 7°, the eube of the average linear momentum, sinee eaeh moleeule 
has three independent momenta along the three eoordinate axes. This depen- 
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dence of the number of microstates on D°® 1s completely analogous to the 
dependence of the number of microstates on L? = V. For N molecules, the 
number of microstates is proportional to mw N. Since p « €/? « T%*) where 
é is the average molecule energy, we have 


Q « P3Nni 2 
Thus for a temperature increase at constant volume, 


AS = kin(Q7/Q)), 0,/0; = (T,/T)?*!?, 
AS = kln (T,/T)?""* 
= $Nk ln (T,/T;), 
AS = ng ln (T,/T;) 


But for the monatomic gas we are treating 


Cpe 


Ase nC y In a ) 
qT; 
which is identical with the result obtained by thermodynamic reasoning. 

Our demonstrations of how AS can be calculated for a volume change or 
temperature change of an ideal monatomic gas suggest another way of stating 
the relationship of entropy to molecular properties. We can say that since 5 
increases as Nk In V, entropy increases as the logarithm of the volume available 
to molecules in coordinate space. Also, since S increases as Nk In (p)*, we can 
say that entropy increases as the logarithm of volume available to molecules in 
momentum space—a three-dimensional space in which the coordinates are the 
Cartesian components of momentum. The concept of available volume in 
coordinate space and momentum space is very important in understanding how 
entropy depends on the mechanical properties of molecules. The combined 
six-dimensional space made up of coordinate space and momentum space 1s 
called phase space. Thus it is true that as V or T increases, the available 
volume in phase space increases, the number of microstates of the system 
increases, our lack of knowledge of the detailed microstate increases, and the 
eutropy of the system mcreases. 

Having encountered the statistical interpretation of why entropy increases 
with increasing volume and temperature, we now analyze, m a similar manner, 
the problem of the dissociation of diatomic molecules. We ask for the entropy 
increase associated with 


AB(g) — A(g) + Bg) 


for an ideal gas at constant temperature. We shall continue to use arguments 
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based on the available number of microstates, or the available volume in phase 
space, and to assume that classical mechanics rather than quantum mechanics 
applies. 

If the dissociation occurs at constant temperature, the number of momentum 
microstates, or the available volume in momentum space, is the same for 
products and reactants. Each atom, whether bound or free, has three indepen- 
dent Cartesian momentum coordinates and, at the same temperature, has the 
same momentum states available to it. Thus to find the entropy change upon 
dissociation, we need to consider only the change in available positional micro- 
states or the change in coordinate space available to the atoms. 

We treat the products first. Since the number of positional microstates for 
one atom is proportional to V, the value of Q, for Na A-atoms and Ng B-atoms 
is proportional to VYaV%n — V2") since all the 2N product atoms move 
independently of one another. 

For the reactant molecules, the positions of the bonded pairs of atoms are 
not independent, but are correlated by the chemical bond force. We can regard 
the motion of one of the atoms (say A) in the molecule as independent, however, 
since it can go anywhere in the container, dragging the other atom B along. 
The number of microstates available to atom A is proportional to V. 


The volume available to atom B when 
atom A is held fixed is a spherical shell 
of radius R equal to the bond length, 
and thickness AR equal to the amplitude 
of bond oscillation. 





We now seek the positions available to the second atom in the diatomic 
molecule which are independent of the position of the first atom. As Fig. 8.11 
shows the volume independently available to atom B hes in a spherical shell 
about atom A. The radius of the shell is R, the bond length of the diatomic 
molecule, and the thickness is AR, the amplitude of oscillation of the bonded 
atoms. The associated volume available to the second atom is, therefore, 
47h? AR. The number of microstates available to one molecule is proportional 
to the product of V and 47 R? AR, and for N molecules we have 


2, « (VX 4rR7 AR). 
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The entropy change for the dissociation reaction can now be given as 


Q, | (v2 
AS = falin Tr k in (Var R2 ARN 
Nk 1 i 
= Nk in [opr aR 


Thus the entropy change is proportional to the logarithm of a simple volume 
ratio: V, the volume an atom has when it is free, divided by 4rR? AR, the 
independent volume that the atom has available to it when it is bonded. It is 
clear that since V >> 47 R? AR, the entropy of dissociation is positive. We sce 
that the larger R is, the larger is the volume available to the atom in the 
molecule, and the smaller is the entropy of dissociation. Also, the larger the 
vibrational amplitude AR, the smaller the entropy of dissociation. Further 
analysis shows that this vibrational amplitude can be expressed as (2rkT/f)"! 2 
where f is the spring or Hooke’s law constant for changing the bond distance 
slightly from its most favorable position. Therefore, the stiffer the bond, the 
smaller AR, and the larger the entropy gained upon dissociation. 

Although our analysis applies directly to the dissociation of diatomic mole- 
cules, the physical idea that entropy increases with an mcrease in the freedom 
or volume available to atoms for independent motion is of general validity. The 
positive entropy changes associated with melting of a crystal, evaporation of 
a liquid, and dissociation of diatomic and polyatomic molecules are immediate 
consequences of this principle. 
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Thermodynamics is a subject of great scope and enormous utility. It procceds 
from certain experimentally determined laws that concern the behavior of 
systems in general, and shows how to make conclusions or predictions about 
specific changes that a particular system may undergo. From the first law of 
thermodynamics, we learn how to use in a systematic and efficient way the 
measured energy changes that accompany chemical reactions. By measuring 
the AH of relatively few reactions we can tabulate enthalpies of formation of 
compounds and from these calculate AH for any reaction that involves com- 
pounds in the table. By doing this we avoid having to perform many calori- 
metric experiments, some of which may be very difficult or impossible. Irom 
the second law of thermodynamics, we learn the criteria for the spontaneity of 
any chemical or physical process. By developing these criteria we discover the 
utility of AGP, the standard free energy of formation. This quantity gives us a 
measure of the intrinsic stability of a substance with respect to chemical change. 
If AG? is very negative, the compound is more stable than its elements, and will 
in general tend to be formed rather than consumed by any chemical reaction in 
which it is involved. In contrast, a compound with a large positive AG? repre- 
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sents a relatively unstable arrangement of atoms, and will have a tendency to 
be converted to other, more stable arrangements—either elements or other 
compounds of them. Thus in AG? we have a quantitative expression of the 
intrinsic chemical reactivity of a substance. 

We must be careful to recognize the limitations of thermodynamics. While 
we can measure values of AG? for various compounds and use these to predict 
equilibrium constants, thermodynamics does not contain explanations of why 
one molecule is more stable than another. Such explanations are drawn from 
the quantum theory of molecular structure, an interesting and complex subject 
that is still growing and being refined. But even the proper predictions of 
thermodynamics are sometimes of a conditional nature. We may calculate that 
the equilibrium constant of a particular reaction is large, but thermodynamics 
offers no guarantee that this reaction will proceed fast enough to be observed. 
Thus thermodynamics provides a way of predicting what is possible in principle; 
it tells us what can happen rather than what is certain to happen. Despite 
this limitation, thermodynamics is of substantial help in organizing and under- 
standing chemical phenomena, as we shall see in subsequent chapters. 
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PROBLEMS 


8.1 Calculate the enthalpy of formation of Ca(OH)e(s) from the following data: 


Ho(g) + 40e(g) = H20(), AH = —68.3 kcal; 
CaO(s) + H2e0(1) = Ca(OH )a(s), All = —15.3 kcal; 
Ca(s) + 302(g) = CaO(s), AH = —151.8 kcal. 


8.2 From the data contained in Table 8.1, calculate A// for each of the following 
reactions: 


Fe203(s) + 3CO(g) 38COoe(g) + 2Fe(s), 
2NOe2(g) = 2NO(g) + O2(g), 


N(g) + NO(g) = Nafg) + O(g). 


8.3 A sample of solid naphthalene, CioHs, weighing 0.600 gm is burned to COQe(g) 
and H2O(l) in a constant-volume calorimeter at 7’ = 298°K. In this experiment, the 
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observed temperature rise of the calorimeter and its contents 1s 2.270°C. In a separate 
experiment, the total heat capacity of the calorimeter was found to be 2556 cal/dcg. 
What is AEF for the combustion of one mole of naphthalene? What is A/F for this 
reaction? By using the tabulated values for AH?(COg) and AH?(H20, 1), calculate 
the enthalpy of formation of naphthalene. 
8.4 One mole of an ideal gas at 300°K expands isothermally and reversibly from 
5 to 20 liters. By remembering that for an ideal gas, & 1s constant at constant tem- 
perature, calculate the work done and the heat absorbed by the gas. What is A/F for 
this process? 
8.5 Ethylene, CoH4, and propylene, C3H6, can be hydrogenated according to the 
reactions 

CoH4(g) + Hol(g) = CoHe(g), 

C3Ho(g) + Hol(g) = CaHs(g), 


to yield ethane, CoHg, and propane, C3Hg, respectively. From data contained in 
Table 8.1, calculate A// for these reactions. Do these answers suggest that A// for 
any reaction of the type 


i 


C,Hen = Ho = Crise 


might be approximately equal to a constant? Test this idea with another such reaction 
involving compounds in Table 8.1. 


8.6 Calculate AS® for the following chemical reactions, all carried out at 298°K. 


Ca(s) + $02(g) = CaO(s), 
CaCO3(s) = CaO(s) + CQo(g), 
Ho(g) — 2H(g), 
No(g) + Oo(g) = 2NO(g). 


Explain the sign and/or magnitude of AS° for each reaction by qualitatively evaluat- 
ing the change in molecular chaos or disorder that accompanies the reaction. State 
whether or not the attendant entropy change tends to favor production of the products 
of the reaction. 


8.7. (a) One mole of an ideal gas expands reversibly from a volume of 2 to 20 liters. 
Caleulate the entropy change of the system and of the surroundings. (b) The same 
isothermal expansion takes place irreversibly such that no work is done on or by the 
ideal gas. Calculate the entropy change of the system and of its surroundings. 
(c) Using the answers you have accumulated, show numerically that the spontaneous 
contraction of an ideal gas in an isolated system would violate the second law of 
thermodynamics. 


8.8 Compute the entropy of vaporization of the following liquids at their normal 
boiling points. 


10 @ K) AHvap TEG K) AHvap 
(kcal) (kcal) 

Cle 238.5 4.87 PbCle 1145 24.8 
CeHe 253 7.30 H20 373 9.72 
CHCl3 334 7.02 C2Hs50H 351 9.22 


The fact that for most liquids, ASvap at the boiling point is nearly always 21 eu 1s 
called Trouton’s rule. In liquid water and ethyl alcohol, molecules are linked by 
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relatively strong hydrogen bonds between the hydrogen of one molecule and the 
oxygen atom of another. Is this “ordering” effect consistent with the way in which 
water and ethanol deviate from Trouton’s rule? Explain. 


8.9 When a mole of water supercooled to —10°C freezes isothermally, what is its 
entropy change? The process as described is irreversible, so in order to calculate AS, 
a reversible path between initial and final states must be found. One such path is 


| H20(1), —10°C — HeO0(I), 0°C, 
HeO0(l), 0°C — He0(s), 0°C, 
He2O(s), OPC — HeO(s), —10°C. 


The molar enthalpy of fusion of ice at O°C is 1440 cal, the molar heat capacity of ice 
is 9.0 cal/mole-deg, and the molar heat capacity of water is 18.0 cal/mole-deg. Use 
these data to compute AS for the water when it freezes at —10°C. 

The enthalpy of fusion of 1ce at —10°C is 1350 cal/mole. Find the entropy change 
of the surroundings when | mole of water freezes at —10°C. What is the total entropy 
change of the system and surroundings for this process? Is the process irreversible 
according to the second law of thermodynamics? 


8.10 From the data given below, calculate the absolute entropy of solid silver at 
300°K by plotting Cp/T as a function of T and determining the area under the curve 
by counting squares on the graph paper. 


T(°K) 1S 20 30 40 e1é 70 
Cp(cal/mole-deg) 0.16 0.41 1.14 ALLO TT 2.78 3.90 
TCK) 90 130 170 210 250 300 


Cp(cal/mole-deg) 4.57 Deo 5.64 5.84 Sol 5,09 


8.11 From each of the following pairs of substances, choose the one which you would 
expect to have the greater absolute entropy. Except where specified, assume one mole 
of each material at the same temperature and pressure. 

(a) C(graph), Ag(s) (b) B(298°K), B(398°R) 

(c) Bre(g), 2Br(g) (d) Ar(1 atm), Ar(0.1 atm) 
8.12 At the normal boiling temperature of water, AHyvap = 9.72 kcal/mole. By 
assuming that the volume of 1 mole of liquid water is negligible, and that water vapor 
is an ideal gas, calculate g, w, AZ, AS, and AG, for the reversible vaporization of 1 mole 

| of water at a constant pressure of 1 atm and at a temperature of 373°K. 


| 8.13 Calculate AG® and K at 25°C for the reaction 
NO(g) + $02(g) = NOo(g) 


from data tabulated in this chapter. Which factor, enthalpy or entropy, makes K 
greater than unity and thereby provides the principal driving force for the reaction? 


8.14 Tabulated below are A//®, AG. and S® for four substances: 


AH298 (kcal) AG2o8(kcal) S2os(eu) 
CO —26.42 —32.79 47.3 
CO2(g) —94.05 ey ey. Sil 
H20(g) —57.80 —54.64 a 
H 2(g) - - 31.2 
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From these data only, calculate A117 °, AG®, and AS® for the reaction 
H2O(g) + CO(g) = He(g) + COa(g). 

If these substances are perfect gases, what is AF9g. for this reaction? Finally, com- 
pute the absolute entropy of HaO(g) at 298°K. 
8.15 For the reaction 

SO2(g) + $02(g) = SOa(g), 
calculate AG® and AH ° from data tabulated in this chapter. Compute the equilibrium 
constant at 298°K and at 600°K by assuming that A// is independent of temperature. 
8.16 For the reaction 

3No(g) + 502(g) = NO(g), 
the equilibrium constant is 1.11 X 107% at 1800°K and 2.02 107? at 2000°K: 
Calculate AG oo, the standard free-energy change at 2000°K, and compare it with 


AG353 which you can obtain from Table 8.4. From the two values of the equilibrium 
constant, compute A// for the reaction. 


8.17 The equilibrium vapor pressure of water over BaClo: H2O is 2.6 mm at 25°C. 
What is AG for the process 

BaClo- HeO(s) — BaCle(s) + HeO(g), 
where the water vapor is tmagined to be a 1-atm pressure? What is AG for the process 
if water vapor is produced at 2.5 mm? 
8.18 For the reaction 

BaSO,(s) = Ba*t+(aq) + SOF (aq), 

AH = 5800 cal. Does barium sulfate become more or less soluble in water as tem- 


perature increases? At 25°C the solubility product of barium sulfate is 1.1 X 10719. 
What is its value at 90°C, given that AH for the reaction is constant? 


8.19 For the reaction 
N2Oa(g) = 2NOo(g), 


the following values of log;9A have been obtained at different temperatures: 


logioK —1.45 —1.02 —0.587 —0.036 0.379 0.903 
TK) 282 298 306 325 343 362 


Plot log K as a function of 1/T, and determine AH for the reaction in this manner. 
Is the slope of the line obtained from these data equal to —AH/R or to —AIT/2.3R? 
8.20 For water, AHtu, = 1.44 kcal/mole, and AH,,,) = 9.72 kcal/mole. From these 
data, calculate the molal freezing-point depression constant and the molal boiling- 
point elevation constant. Do they compare well with the directly measured values 
of 1.86 and 0.52, respectively? 

8.21 In the Daniell cell, the reaction 

Zn(s) + Cutt(aq) = Zn*t(aq) + Cu(s) 

occurs spontaneously, and the cell delivers 1.10 volts when all substances are at 1-.\/ 
concentration. What is AG® for this reaction, expressed in units of (i) joules and 


(11) calories? Calculate the equilibrium constant of the reaction from (a) the value 
of A&® and (b) the value of AG®. 
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8.22 Consider the following half-reactions and their standard electrode potentials: 


1. Fet+-+ 2e- = Fe, §° = —0.440 volt; 
2. Fet?-+ e- = Fett, Gy —a0.7 (1 volt: 
38. Fet®+ 3e7— = Fe, §° = —0.036 volt. 


Although half-reaction 3 is the sum of half-reactions 1 and 2, the electrode potential 
of half-reaction 3 is not equal to the sum of the first two electrode potentials. In 
general, it is not possible to combine §°’s for half-reactions directly to obtain the &° 
of a third half-reaction. Strictly, only free energies, and not electrode potentials, may 
be combined in these instances. With this in mind, execute the following: (a) Find 
AG® for half-reactions 1 and 2 by using AG® = —n38&. (b) Add these quantities in 
order to obtain AG® for reaction 3. (c) From the result of part (b), calculate §® for 
reaction 3, and compare it with the value given. (d) Use this type of analysis to 
decide why it is legitimate to calculate A&® for a net reaction in which electrons do 
not appear, simply by algebraic combination of the &°’s of two half-reactions. 
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CHAPTER 9 


CHEMICAL KINETICS 


A chemical reaction has two general characteristics of foremost importance: 
the position of equilibrium and the reaction rate. In considering ehemical 
equilibrium, we are concerned only with the relative stabilities of products 
and reactants and their relative eoneentrations at equilibrium and not with 
the pathway from the initial to final state. On the other hand, in treating 
reaction rates, we are coneerned not only with how fast reactants are converted 
to products, but also with the sequenec of physical and ehemical processes by 
which this conversion oceurs. Indced, reaetion rates are studied in order to 
obtain a detailed picture of what molecules do to each other when they react. 

The behavior of a chemical system may be determined either by equilibrium 
effects or by reaetion rates. lor example, when a small amount of aqueous 
silver ion is added to an equimolar solution of chloride and iodide ions, we 
immediately obtain a small amount of solid silver iodide, and no silver chloride. 
This oceurs because the reaction 


Agt + I7 = Agl 
has a much larger equilibrium constant than the reaction 
Agt + Cl7 = AgCl, 


so that silver iodide is the product favored by the cquilibrium constants. In 
contrast, consider the two ways in which ethyl alcohol, CH3;CH2OH, may be 
dehydrated: 


CH3CH.OH ae CH.CH. + H.O (concentrated acid, 170°C), 
PeneeteoH = CH.CH,OCH.CH; + HO (dilute acid, 140°C). 


Either ethylene or diethyl ether ean be the prineipal product of the dehydra- 
tion, depending on the temperature and aeid eoneentration. This selectivity is 
not due to a change in equilibrium constants. Rather, ethylene is obtained at 
the higher temperature beeause under these eonditions it 1s formed faster than 
diethyl ether. At the lower temperature, the situation is reversed; the rate of 
formation of diethyl ether is greater than that of ethylene. In general, when 
any two eompounds are mixed, there may be a large number of reaetions whieh 
are possible, but the reaction or reactions which are aetually observed are the 
ones which proceed fastest. 

Our example shows that it 1s possible to influence the produets of chemical 
ehange by eontrolling faetors whieh affeet reaetion rates. Naturally the rates 
of reactions are in large measure determined by the nature of the reactants, 
but there are other factors, more at our disposal, whieh are also influeutial. 
As our example suggests, the first of these 1s eoneentration—both of the re- 
aetants themselves, and of other added reagents called eatalysts. The latter 
affect rates even though they may not be involved in the stoichiometry of the 
overall reaetion. Temperature also is an important parameter; the rates of some 
reaetions increase profoundly when temperature is raised, while the rates of 
others are almost insensitive to temperature changes. Two additional faetors 
apply only to reactions whieh take place at the boundary surface between two 
phases. These reactions are classified as heterogeneous, and inelude the eom- 
bustion of solid partieles, the dissolution of metals in aeid, and the evaporation 
of eondensed materials. In such systems, reaction rates mcrease as the avail- 
able surface area increases, and may be further augmented by agitation, whieh 
speeds the transport of fresh reagents to the phase boundary. We now turn to 
a detailed diseussion of each of these rate-eontrolling faetors. 
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9.1 CONCENTRATION EFFECTS 


ligure 9.1 shows the usual behavior of the eoneentration of a reaetant and a 
produet as a ehemical reaetion progresses. The eoneentrations at first ehange 
rapidly and then more slowly approach the limiting eoneentrations found when 
the reaetion comes to equilibrium. Not only does the eoneentration of a reactant 
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diminish but the rate of change of its concentration (the slope of the concen- 
tration-time curve) also decreases as the reaction progresses. Since this rate of 
change of concentration is not constant, it is best expressed as a time derivative, 
dc/dt, which gives the change in concentration per unit time, at a particular 
instant or at a particular concentration of reactants. We shall use such time 
derivatives of concentration to express reaction rates quantitatively. 
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In general, as reaction products are formed, they react with each other and 
re-form reactants. Therefore the net rate at which the reaction proceeds from 
left to night 1s 


net reaction rate = forward rate — reverse rate. 


When the reaction reaches equilibrium, the net reaction rate is zero, and the 
forward rate equals the reverse rate. When the reaction mixture is far from 
its equilibrium composition, either the forward or reverse rate 1s dominant, 
depending on whether reactants or products are in excess of the equilibrium 
value. To simplify our initial discussions, we shall limit ourselves to cases 1n 
which only the reaction rate in the forward direction is important. This is the 
situation when the reactants are first brought together and the mixture is far 
from equilibrium. 
With this restriction in mind, let us consider the reaction 


NO + O3 ar NO» + Oo, 


where the arrow means that only the reaction from left to right 1s important. 
What algebraic relations connect the various derivatives d[NO]/dt, d[O3]/d, 
d[NOo]/dt, and d[O.|/dt? The stoichiometry of the reaction shows that the 
concentrations of nitric oxide and ozone must decrease at the same rate, which 
in turn is exactly the rate at which the concentrations of nitrogen dioxide and 
oxygen increase. Since the concentrations of nitric oxide and ozone are dimin- 
ishing, d{[NO]/dé and d[O3]/dt are negative numbers, while d[NO2]/dt and 
d[O2]/dt are positive. Thus we have 


_ a{NO] _ — [Os] _ [NO] _ d[O2}_ 
iin a di alae = reaction rake: 


As another illustration of the relations between concentration derivatives, 
consider the reaction 


2HI(g) — He(g) + Io(g). 


Since 2 moles of HI disappear for each mole of H» formed, the rate of change 
of the HI concentration must be twice the rate of change of the H» concentra- 
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tion. Remembering that d[HI]/dét is a negative number, we can write 


= d{HI] 2 d| Hg] _ dfs] 9.1) 
Zak dt dt 
This shows that the concentrations of the various reactants and products may 
change at differcnt rates. What, then, is the rate of this reaction? Is it the 
rate at which the concentration of HI changes, or the rate at which the con- 
centration of Hy changes? 
We can solve this problem by applying our arguments to the general reaction 


aA + bB > cC+ dD. 
A little reflection shows that the relation between the various derivatives is 


— 2 aay _ _ 1 aby _ 1 d(C] _ 1 ab] 





a at b at c dt de di 


Since all these quantities are equal, it is natural to take the formal definition 
of “the rate of reaction” as the time derivative of a concentration divided by 
the appropriate stoichiometric coefficient and converted to a positive number. 
Thus the rate of the HI decomposition reaction is equal to any of the expres- 
sions in Eq. (9.1). Application of these ideas to the reaction 


30CH30H + BioHi4 aed 10B(OCH3)3 +- 22H. 





gives 
a — _ 1 d{CH30H)] — — d[BioHia] 
rate of reaction = i ae Tae <= Tae 
_ 1 d{B(OCHs3)3] — 1 d{He] | 
~ 10 dt Sy a: 


Any of the derivatives of concentration, appropriately modified, may be used 
to express the rate of reaction. 

The mathematical expression which shows how the rate of reaction depends 
on concentration is called the differential rate law. In many instances, it is 
possible to express the differential rate law as a product of reagent concentra- 
tions, cach raised to some power. Accordingly, for the reaction 


3A + 2B > C+D, 
the differential rate law may have the form 


Cav N| eC) he eer 
3 op eg me eee 


The exponents 2 or m are generally integers or half-integers; 7 is called the order 
of the reaction with respect to A, and m is the order of the reaction with respect 
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to B. The sum n+ m is called the overall order of the reaction. It 1s important 
to realize that n and m are not necessarily equal to the stoichiometric coefficients 
of A and B in the net reaction. The order with respect to each reagent must be 
found experimentally aud cannot be predicted or deduced from the equation for 
the reaction. For example, experiments show that the differential rate law 
for the reaction Hy + Ix — 2HI 1s 


_ d(H) 
dt 





= k{He][1ol. 


Since each concentration is raised to the first power, we say that this reaction 
is of first order with respect to Hg, first order with respect to Ig, and second 
order overall. In contrast, the differential rate law for the apparently similar 
reaction Hy. + Bre — 2HBr is 


— Ae) tts|tBre]"”, 
dt 
that is, first order with respect to hydrogen, one-half order with respect to 
bromme, and three-halves order overall. Although these two reactions have 
the same stoichiometry, and despite the similarities of 1odine and bromine, the 
rate laws of the reactions are different. 

The constant k which appears in the differential rate law 1s called the 
rate constant or more formally, the specific-reaction rate constant, since It 1s 
numerically equal to the rate the reaction would have if all concentrations 
were set equal to unity. Each reaction is characterized by 1ts own rate constant 
whose value is determined by the nature of the reactants and the temperature. 
lYrom the numerical value of the rate constant, we can calculate the rate of a 
reaction under particular concentration conditions. In essence, the rate con- 
stant is a numerical expression of the effect of the nature of the reactants and 
the temperature on reaction rate. Consequently, one of the goals of theoretical 
chemistry is to be able to understand, or better, to predict the values of rate 
constants from a knowledge of the electronic structure of reactants and products. 
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The differential rate laws show how the rates of reaction depend on the con- 
centrations of reagents. It is also useful to know how the concentrations depend 
on time; this information can be obtained from the differential rate law by 
integration. The decomposition of dinitrogen pentoxide provides us with our 
first example: 


NO; = 2NO>¢ =e 


rol 


Oo. 


CHEMICAL KINETICS 91 





0.5 


Inc 29 


The natural logarithm of the con- FIG. 9.2 
centration of N2O;, plotted as a 
function of time. The slope of the 
eer line is the negative of the first- 
order rate constant. 


=D 


0 LOOO 2000 3000 
Time (sec) 


Experiments show that the reaction ts first order with respect to the concen- 


tration of NOs, 
d{N2O5} 


If we let c stand for the concentration of N2QO;, the differential rate law is 


dc 
eee 
dia? 
which we can rearrange to 
d 
— = kdb. 
C 


The left-hand side of the equation 1s a function of c only, and apart from a 
constant, the right-hand side contains only the differential of tume. Therefore 
we can integrate both sides, taking as limits cg, which is the concentration at 
t = 0, and c, the concentration at time ¢. Thus 


c t 
— teil at 
co © 0 


— Incl, = kt\o 


—In>= kt. 
Co 
This equation shows that for a first-order reaction, the logarithm of the reactant 
concentration decreases linearly as time increases. It suggests that 1f we plot 
In cas a function of t, we will obtaim a straight line whose slope is —k. Tigure 9.2 
shows that the data for the decomposition of N2O; do indeed yield a straight 
line when plotted this way. 
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If a reaction is second order, the time dependence of the reactant concentra- 
tion is different. Our example for this case is the dimerization of butadiene, 
C,He: 

C4Ho(g) > 2CsHi2(g), 


which follows the second-order differential rate law 


d|C4H 
=e 4 6] = kiC,He]’. 
dt 
If we substitute c for the concentration of C4H¢, we can rearrange the equation 
to read 
4 = ay 


c2 


and once again each side can be integrated betwee the limits cg, c and Q, ¢: 


Cc t 
oi Hef ay 
co © 0 

1 





: t 
—| = kilo, 
= |. = Malo 
ao 
C Co 


Thus for a second-order reaction, the reciprocal of the reactant concentration 
is a linear function of time, so that a plot of 1/c as a function of ¢ should be a 
straight line with a slope k and an intercept 1/co. Figure 9.3 shows how well 
the dimerization of C4H¢ conforms to this prediction. 
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These are but two examples of how the differential rate law can be converted 
to an expression which gives the time dependence of concentration. Other 
more complicated differential rate laws can be integrated, but the process is 
sometimes difficult and often produces cumbersome algebraic expressions. This 
is not a serious drawback, since virtually all the interesting information about 
reaction rates can be obtained by using the differential rate law expressions. 


Experimenta! Determination of Rate Laws 


The order of a reaction and its rate constant must be found experimentally, 
and the differential and mtegral rate laws which we have discussed suggest how 
this can be done. The differential rate law for the reaction 


aA + bB—- cC 

is often of the form 
Gils. eee 
oar ies k{[A]"(B]”. 


Our first object is to determine the exponents n and m. One way of determining 
the order with respect to A is to make up a series of mixtures which contain the 
same concentration of B but different concentrations of A. Then the initial 
rate of reaction is found for each of these mixtures by measuring the change tn 
concentration of one of the reactants or products which occurs in the first small 
time interval after the reagents are mixed. IT or instance, A[A]/At is a good 
approximation to d{A]/dt if the time interval is short enough, and from it we 
can calculate the rate of reaction. Since im the series of experiments the only 
variable is the mitial concentration of A, the experimentally determined initial 
rates should vary as the initial concentration of A, raised to the power n. If the 
reaction rate doubles when A is doubled, the rate depends on the first power of 
the concentration of A, and 7 1s equal to one. If the reaction rate increases by 
a factor of four when the concentration of A is doubled, m must equal 2, and the 
reaction is second order. Once the order with respect to A is determined, the 
procedure can be repeated. This time we hold the concentration of A constant, 
vary the concentration of B, and deduce the order of the reaction with respect 
to B. When the order with respect to each reagent is known, we can calculate 
k by dividing the measured rate of reaction by the concentrations of the 
| reactants, each raised to the appropriate power: 


, — —(/a)(@tAV/at) 
AP Bl 


The success of this procedure depends on our ability to accurately evaluate 
the initial rate. Since it is dificult to measure accurately the small change in 
concentration A[A] which occurs in a small time interval At, the method we have 
outlined is not always satisfactory. As an alternative, we can make use of the 
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integrated rate laws to find both the order and rate constant of a reaction. The 
only integrated rate laws we are familiar with pertain to reactions in which 
there 1s only one reactant, as m 


NoQ; ks 2NOe + 4Oo 
and 


29H —- Ho ++ Io, 
where the differential rate law has the form 


1 d{A] . 
—— ——= k[A]". 
a dt 

To deal with such a reaction, we must determine the concentration of A at 
various times as the reaction procceds. Then we prepare two graphs: one a 
plot of In[A]/[Ag] as a function of time, the other a plot of 1/[A] as a function 
of time. If the logarithmic graph is linear and the reerprocal plot curved, we 
ean conclude that the reaction is a first-order process like the decomposition of 
N2O0;. Moreover, since the gencral integrated rate law for a first-order process 
is In c/¢g = —ht, the slope of the logarithmic graph can tell us the rate con- 
stant. On the other hand, if the logarithmic plot is curved and the reciprocal 
plot lmear, the reaction has a second-order rate law. The reaction rate constant 
can be calculated from the slope of the reerprocal plot, since the general equation 
of the line ts 1/c = 1/ce9 + Kt. 

It 1s possible that neither In ¢ uor 1/e will be linear functions of time; this 
merely shows that the reaction does not follow the simple rate laws we have 
discussed. The procedures used to identify which of the more complicated rate 
laws does apply are analogous to the methods we have Just outlined and only 
involve the use of slightly more complicated algebraic expressious. 
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We now attack the problem of obtaining a complete chemical description of 
how reactant molecules are converted to products. In some reactions this con- 
version occurs In one step; two reactant molecules collide and as a result form 
the observed product molecules. An example of such a one-step conversion of 
reactants to products is 


NO + O3 — NOo + Oz. 


On the other hand, most chemical reactions do not follow such a simple path 
from reactants to products. lor example, the reaction 


HeOs-eeir ie — Bre + 2H.O 


7s not the result of the simultaneous collision of two hydrogen tons, two bromide 
lons, and a hydrogen peroxide molecule. The chanee of having five species come 
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to the same place at the same time is very small, so small that such a process 
could never produce products at the rate which is experimentally observed. 
The actual reaction path consists of two successive processes, neither of which 
involves the collision of more than three particles: 


Br— 1 Ht + H.20>2 — HOBr —- H,0O, 
hege= HOBr- bres Heo -—- Bra. 


Other reactions may involve a great many steps. For example, the decom- 
position of N2O; follows the path 


N20; + N20; — N20; + N2Os, 
N20; — NOs + NOs, 
NO», + NO3 — NO+ NOog+ Oz, 
NO + NO; — 2NO», 


where N.O; stands for an energized molecule capable of dissociating. Each 
one of the steps is called an elementary process, since each is a simple event in 
which some kind of transformation occurs. The collection of elementary proc- 
esses by which an overall reaction occurs is called a reaction mechanism. The 
mechanism of a reaction must be determined experimentally; to understand 
how this is done we must first discuss the three types of elementary process. 


Elementary Processes 


Elementary processes are classified according to the number of molecules which 
they involve. An event in which only one reactant molecule participates 1s 
called a unimolecular process. The decomposition or rearrangement of an ener- 
gized molecule is a unimolecular elementary process: 


O3; — O2 + O, 


CH3 
/\ — CH,;CH=CH, 
CH,—CH, 


A bimolecular process always involves two reacting molecules. For example, 


NO + O3 a NOs + OF, 


and 
Ar+0O3 — Ar+ On 


are all bimolecular processes. No chemical change occurs in the last process, 
but the colliston between Ar and O3 does supply the ozone molecule with excess 
internal energy which can eventually causc it to dissociate, as we have noted 
above. 
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Elementary processes in which three particles participate are said to be 
termolecular. fost termolecular processes involve the association or combina- 
tion of two particles which is made possible by a third particle whosc role is to 
remove the excess energy produccd when a chemical bond forms. As examples 
we have 

OF Oo 2 eerie 
and 
O+NO+ Nz, — NOo+ No. 


By the conservation of energy, an ozone molecule formed by association of an 
oxygen atom and molecule has enough energy to redissociate. Only if some of 
this energy is removed by a third particle, the nitrogen molecule, can a stable 
product be formed. Elementary processes with molecularity greater than 
three are not known, since collisions in which more than three particles come 
together simultaneously are very rare. 

We have emphasized that the order of a reaction cannot, mn general, be pre- 
dicted from the stoichiometry of the overall reaction. However, the order of an 
elementary process is predictable. For example, consider the general bimolecular 
elementary process | 


A+B-—> C+D. 


Now in order for a molecule of A and a molecule of B to react, they must at the 
very least collide with each other. The rate at which collisions between A- and 
B-molecules occur is directly proportional to the concentrations of A and of B. 
Thercfore any bimolecular elementary process must follow the second-order 
rate law 


d[A] 
a k{AJ[B]. 
A similar argument applies to the problem of finding three particles in 
collision and leads us to conclude that a termolecular clementary process, 


ee eee ol) t= bs, 


follows a rate law which is overall third order, and first order with respect to 
each reactant: 
_ dA] 


dp MAILBILCI. 


linally, let us consider the unimolecular process. Here we deal with a col- 
lection of molecules, each rearranging or decomposing independently of the 
others. It seems clear that as the number of molecules increases, the number 
that decompose in a given time interval will also increase. Thus the rate of 
reaction will be proportional to the first power of the concentration, and the 
unimolecular process 
A* > B 
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will follow a first-order rate law: 


Our general conclusion is that for elementary processes the molecularity and 
order are the same; a unmmolecular process ts first order, a bimolecular process is 
always second order, and a termolecular process 1s third order. However, it 
is important to realize that the converse 1s not true: not all first-order reactions 
are untmolecular elementary processes, second-order reactions are not all bi- 
molecular, and third-order reactions are not necessarily termolecular. We 
have had one illustration of this pomt already; the decomposition of N2QOs is 
a first-order reaction, but it proceeds by a complex mechanism which consists 
of both unimolecular and bimolecular elementary processes. We will find an 
explanation for this by examming the relation between reactron mechanisms 
and rate laws. 


Mechanisms and Rate Laws 


We now have to find how the expermmentally observed order and rate of an 
overall reaction are related to the order and rates of the clementary processes 
which comprise tts mechanism. I*ortunately this question has an answer which 
is simple and direct for most reactions. Consider the hypothetical reaction, 


3A + 2B > C+D), 
which we will assume follows the mechanism 


A+B-E+F 
A+KEK-—-H 
A+kf—-G 

H+G+B—-C+D 

3A + 2B—> C+D 


The products C and D are the result of a sequence of four elementary processes, 
and it is indisputable that the products can be formed no faster than the rate of 
the slowest step in this sequence. Therefore, 1f one of the steps is much slower 
than all the others, the rate of the overall reaction will be limited by, and be 
exactly equal to, the rate of this slow step. Consequently, the slowest ele- 
mentary process mn a sequence ts called the rate-determining step. Suppose that 
the first step in the above mechanism is the slowest, and that its rate constant 
is ky. Since it is a bimolecular elementary process, its rate 1s overall second order: 
first order with respect to A and first order with respect to B. As a result the 
observed rate law for the overall reactron will be 
1 a[A] 


on Ky {A][B]. 
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Thus a complicated mechanism can result in a very simple rate law. In this 
argument we also find the explanation of why all reactions which follow second- 
order rate laws are not necessarily bimolecular clementary processes. The 
overall reaction, 


3A + 2B—- C+D 


is not an elementary process, it is complex; yet it follows a second-order rate 
law, because its slowest step is a bimolecular process. 

To turn from the abstract to the conerete, let us examine « few complex 
reactions which follow simple rate laws. For mstance the reaction 


2NOo + Io — 2NOo!k 


follows a second-order rate law: 





1 diINO - 
a | ee = kexp{NOol Fel. 


The rate law indicates that both NO» and I's are involved in the rate-deter- 
mining step, but stoichiometry shows that any reaction between NO» and I's 
must produce something besides NOgI. These two facts suggest that the most 
likely mechanism for the reaction 1s 


ec OMe ep p= ONE ah (slow), 
Z. Ie + NO» es NOK (fast). 


The first bimolecular process is the rate-determining step. Its rate law, and 
thus that of the overall reaction, is second order. Sinee the overall reaction 
procceds at exactly the rate of reaction 1, Kex, must equal ky. 

We have already said that the mechanism of the reaction 


9Br- + 2H* + HO. — Bre + 2H20 
iS 
Gece eer Org se OB Heo 
HOR: ho Bie > Breet H.0. 


How was this conclusion reached? The most important clue to the mechanism 
of a reaction is the rate law, which in this case 1s 


d{ Bro] 


Tp Kexvll 202](H*][Br7]. 


This tells us that only H2O.2, H*, and Br7 are involved in the rate-determining 
step. To decide what the products of the rate-determining step arc, we must 
use imagination, and be guided by our knowledge of descriptive chemistry and 
the principles of atom and charge conservation. Stoichiometry shows that 
H.O and HOBr are at least possible products of a reaction between HY brew 
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and H2O9. Furthermore, HOBr is a known chemical species, although it is quite 
unstable. Consideration of the molecular structure of the reactants shows that 
HOBr and H.2O can be formed from the reactants without serious departures 
from normal molecular geometry. That is, we might picture the slow step as 


H H H lol H H 


\\ A 7 ~ “A 
O—O > OO > 040 


7 iS i iy Ye 
Bra nies Br Jel ieae H 


The species in brackets represents the intermediate situation in which the 
O—O bond is breaking while the Br—O and H—O bonds form. Such unstable 
structures are called activated complexes, and last for only about 107!° sec. 
To justify the final step of the mechanism, we must use some supplementary 
knowledge of descriptive chemistry. It is possible to prepare neutral or slightly 
alkaline mixtures of HOBr and Br, and when these solutions are acidified, 
bromime is formed very rapidly. This is independent evidence that the reaction 


HOBr + H* + Br~ — H.O + Bro 


is very fast. In other words, the second step of our mechanism is consistent 
with our chemical experience. 

The mechanism of a reaction may change if the conditions under which it is 
run are altered. The reaction between carbon monoxide and nitrogen dioxide, 


NO», + CO — CO.+ NO, 
follows the rate law 


d{CQg] 


52 = kNOsI{CO}] 





at temperatures above approximately 500°K. The reaction mechanism is a 
single elementary process in which an oxygen atom is transferred: 


O 
Noa +60 =| 
: 


a 


O O 
vo . / Es CO. + NO. 
C 


At lower temperatures the rate law changes to 


qCO2] _ 


TAT 2 
<2 = b{NO2I, 


Which does not involve the concentration of carbon monoxide at all. The 
explanation is that the low-temperature mechanism is 


NOo+ NOg —~ NO34+ NO (slow), 
NO3;+ CO — NOo+ CO. (fast). 
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The first of these reactions is the slower, rate-determining step, aud accordingly 
the rate is independent of the carbon monoxide concentration, as long as some 
is present. At high temperatures, this pair of reactions is slower than the direct 
reaction between NO» and CO, but the reverse is true at lower temperatures. 
This is the reason that the mechanism changes; the reaction goes by the fastest 
path available. 

As another example of a complex reaction mechanism, we select the reaction 
between gaseous hydrogen and bromine: 


Ho(g) + Bro(g) — 2HBr(g). 


This reaction is interesting because it follows a three-halves-order rate law: 


1 d{HBr] 


i iat 1/2 
= a = K{He|(Bral””, 





and our analysis so far does not suggest how half-integer rate laws come about. 
Considerable experimentation has shown the mechanism to be 


Bees nt —2 > OR een 
Oy Sea een Sy ee 
Br+H, —2— HBr+-H Glow), 


H + Bro eT + Br (fast). 


| (fast equilibrium), 


The first two elementary processes result in a rapidly established equilibrium 
between molecular bromine and its atoms. The symbol M stands for any 
molecule capable of both colliding with Br2 so as to cause its dissociation and 
removing the excess energy from a pair of atoms so that they may combine. 
The third and fourth processes convert hydrogen and bromine to hydrogen 
bromide, without a net consumption of bromine atoms. The rate-determining 
step is the reaction between a bromine atom and a hydrogen molecule; hence 
the rate of the reaction is given by 


1 d{HBr] 
2 de 





= ke{He][Br]. (9.2) 


To find the rate law expressed in terms of the bromine-molecule concentration, 
we make use of the equilibrium relation between atomic and molecular bromine: 





— [Br}? RBC 
rg = 2B = 1 ery, [Br] = K oq Brat : 
[Bre] 


Substituting this into Eq. (9.2), we find 


d{HBr] 


1 
5 gp 7 = AeKed"{Hel[Bro}”, 
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which has the same form as the experimentally determined rate law. Further- 
more, we see that the experimental rate constant is actually the product of a 
rate constant kp and the square root of an cquilibrium constant, K2/?. This 
shows how important the determination of reaction mechanisms is, for in order 
to understand or interpret the size of an experimentally determined rate con- 
stant k, we must know whether it is equal to the rate constant of an elementary 
process, or whether it 1s actually some algebraic combination of rate constants 
and equilibrium constants. 

While we have stressed the importance of the rate law in the determination 
of reaction mechanisms, the rate law alone often does not allow us to make a 
unique choice when several mechanisms are possible. An outstanding example 
of this fact is provided by the reaction between nitric oxide and oxygen: 


The rate law is 
— 102! = K{NO}{0z). 


Two possible mechanisms, both consistent with the rate law, are 


NO+NO=N,.0, _ (fast, at equilibrium), 
N2Oo —— Oo a. 2NO>9 (slow), 
d[O 
— B21 — iN 202]{02] = kK [NOPI02]; 
and 
NO + 02 = OONO (fast, at equilibrium), 
NO + OONO —— 2NO0,_ (slow), 
d[OQg] 
dt 





= k'(OONO][NO] = k’K'[NO]?[Og]. 


The difficulty is that the rate law really tells us only the atomic composition 
of the activated complex, and for both of these mechanisms, it is the same, 
O4,No. A definite choice between the two mechanisms will be possible only 
when the structure of the intermediate is discovered through use of molecular 
spectroscopy. In general, not only the rate law, but information from every 
possible source must be used to select a reaction mechanism. 


The Steady-State Approximation 


The mechanisms that we have discussed so far have been of two types. The 
simplest situation is one in which the first step is slow and rate-determining, 
and is followed by very rapid subsequent reactions. The other situation, also 
quite simple, occurs when the first step of the mechanism 1s a rapid equilibrium 
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which produces an intermediate which reacts slowly in the rate-determining 
step. We must anticipate the occurrence of the intermediate case, in which 
all steps of the mechanism proceed at comparable rates. The exact deduction of 
the rate law for this situation can be quite complicated. Fortunately, however, 
the steady-state approximation provides us with a stmple means of finding the 
rate law under most conditions. 

Consider the following general mechanism, which apphes to many thermal 
decompositions and isomerizations: 


ky 
A 
k— | 


Ae _3,. pec. 


In the first step, the molecule of interest A imdergoes a collision with any 
molecule M, and the result is that A*, & molecule with a considerable amount 
of internal energy, is produced. The reverse process in which A* ts deactivated 
by collision with M can also occur. Hinally, if A* is left alone, 1t decomposes 
to products B and C. We know that if the first step is slow and rate-determining, 
the rate law ts 


an = ky [A][M]. (9.3) 


On the other hand, if kK) is large, and thus A* is in rapid equihbrium with A, 
we have 


[AT] Aa 

[A] kay 

(BY pat) a Bake 

Lo = kel A*] = 5? [A] (9.4) 


We will use the steady-state approximation to find the general rate law for 
this system. 

The excited molecule A* begins to be formed when the A-molecules are 
heated in order to start the reaction. At first the concentration of A* may 
inerease fairly rapidly, but as its concentration builds up, it starts to be de- 
activated and to decompose to products. Thus we can anticipate reaching a 
condition in which the rate at which A* is created is just balanced by the rate 
at which it is destroved. At this point, the concentration of A* will be finite, 
and very nearly constant in time. We can find this steady-state concentration 
by writing 

‘ate of production of A* = rate of destruction of A* 
ky(AJ(M] = kifA*][M] + kof A*], 
ky fA] 


A= M+ & . 
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Now, sinee the rate of reaetion is 


q[B] ry 
ao PalA’l 


we ean substitute the steady-state expression for A* and get 


q[B] _ _kirka[A][M] | 
He Sa eae (9.6) 








for the general form of the rate law. 

We shall now find the eonditions under whieh the general expression, 
Eq. (9.6), reduees to either of the two simpler rate laws, Eq. (9.3) and Eq. (9.4). 
Suppose we work at gas pressures low enough so that k_;[M] « ke. Physieally 
this means that virtually every A* formed will proeced to produets, and that 
reaetion 1 is the rate-determining step. I‘rom Eq. (9.6) we ean write 


q(B)  kike[AJ[IM]  kike[A][M] 
dt Zl he_[M] os leg _ ho 





=k, (AJ[M] Gf k_i[M] « fo), 


whieh is the rate law we expeet if step 1 is rate-determining. The opposite 
situation 1s kK_,;[M] >> ko, which we ean achieve by making the pressure quite 
high. Physieally this means that few of the A* decompose to produets, and 
that A* is essentially in equilibrium with A. In the denominator of Eq. (9.6) 
we ean negleet ko, and get 


d{B] —  Rike[AHM] W kikelAJIM] 
dt A_ (M0) + ko -_ he_ | M] 
hey 


ky 














Kol Al, 


whieh is just what we expcet if A* is in near equilibrium with A. Thus the 
general expression for the rate, Eq. (9.6), ineludes as speeial eases the simple 
situation where either the first or seeond step of the mechanism is rate- 
determining. 

The steady-state approximation eonsists, as we have seen, of seleeting an 
intermediate in the reaetion mechanism, and ealeulating its concentration by 
assuming that it is destroved as rapidly as it is formed. This proeedure eannot 
be strietly aeeurate for all times during the reaetion, sinee it implies that the 
eoneentration of the intermediate is eonstant. This is not true at the beginning 
of the reaction, when the coneentration of the intermediate rises from zero 
toward its steady-state value. Nevertheless, when the eoneentration of the 
intermediate is small, the approximation is suffielently aeeurate to be of very 
great use and importanee in the analysis of meehanisms. 
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As a practical example of the application of the steady-state approximation, 
we can consider the decomposition of gaseous N2Qs5: 


2No05 aan 4NO¢ 4 Oo, 
which has the rate law 


d{O2! 
dt 





= k[N2Os]. 


A great deal of evidence shows that the mechanism is 


k 
NO; =O aoe 


k—1 
ke 


NO: +- NO» aa NO + NO» - Os, 


NO, NO aes 


The molecule NO3 is an intermediate whose concentration 1s small and can be 
calculated by the steady-state approximation. The same can be said for NO. 
In the latter case we have 


rate of production of NO = rate of destruction of NO, 
ke[NO2][NO3] = ka[NO][NOs], 
[NO] = (ke/k3)[NOo]. (9.7) 
For NO3 we proceed as follows: 
rate of production of NO3 = rate of destruction of NOs, 
ky{N20s] = (kK-1[NOe] + ke[NO2] + ka[NO])[NOg]}. 
If we substitute Eq. (9.7) for [NO] and solve for [NO3] we get 


ky[N2Os5] 


[NOs] = £— [NOs] + 2kalNOal 


for the steady-state concentration of NO3. Now, the rate of production of 
oxygen, which is also the rate of reaction, 1s 


d{O 
M2) — ka{NOzl[NOs}. 
With the steady-state approximation for [NO3] this becomes 


d{Oz] = kyke[Ne2Os5] 
dt As_y + Qho 


which is of the same form as the experimental rate law. Note that the relation 
between the experimental rate constant k and the rate constants for the 
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individual steps 1s 
— _ hike 
ae ft 2h» 


Question. The steady-state approximation is applied to a reaction intermediate, but never 
to a reactant or product. Why? 


Chain Reactions 


We have encountered reaction mechanisms which involved intermediates that 
were created in one step, and consumed in another step to give the reaction 
products. However, there are a very large number of so-called chain reactions 
of the type exemplified by 


H2(g) + Clo(g) > 2HCl(g) 


which has the mechanism 


Cl. + light —> 2Cl 
i> HCl a. 
H+ Cl, —- HCl+ Cl, 
2Cl+ M —> Cl, + M. 


We see that in step 1, the reactive intermediate Cl is produced, and this in turn 
reacts by step 2 to produce a product HCl molecule. However, the hydrogen 
atom also produced by step 2 can react with Cl, to give another HCl molecule 
and a chlorine atom. Thus the net result of steps 2 and 3 1s formation of two 
molecules of HCl, without consumption of the intermediate chlorine atom. This 
mechanism is analogous to that encountered for the Ho-Brg reaction. The 
possibility that steps 2 and 3 can be repeated indefinitely is responsible for the 
name “chain reaction.” Step 1, which first produces the chain carrier Cl, is 
called an initiation reaction, while step 4 is a chain termination reaction. Steps 2 
and 3 are said to be chain propagation reactions. 

Chain reactions occur in flames, explosions, and atmospheric and life pro- 
cesses, and are important in the production of synthetic polymers. Examples of 
the latter are found in the polymerization of ethylene (CH2CH 2) and vinyl 
chloride (CH,CHCl) to make polyethylene and polyviny! chloride, respectively. 
The direct reaction 


2n(CH2CHCl) — (—CH,CHCH.CH—), 
Cl Cl 


is very slow. If, however, a small amount of a substance which will produce 
atoms or free radicals is present, the polymerization procceds via a chain 
reaction. Benzoyl peroxide is a convenient initiator, for it decomposes to 
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benzoyl radicals (Cgl5COe-) and benzyl radicals (CoH; -): 


O O O 


| | | 
C,H;C—O—O—C—C.H, > CoHsC—O - + CoH, - + COo. 


These radicals (R-) then react with vinyl chloride, and a radical chain is 
propagated: 
R- + CHoa==CH — RCH,.—CH ., 
| 
Cl Cl 
RCH »—CH - + CHy=Cll -— RCH,CHCH.CH ., 
| 


| 
Cl e Cl Cl 


R(CH,CHCI), - + CH,CHC! = R(CH2CHCI a 


The chain termination step occurs when two such polymer radicals combine 
with each other. 

The number of intermediates or chain carriers in a reaction mixture 1s 
usually determined by the relative rates of the initiation and termination steps. 
A good example of this is the H2-Brg reaction, which we discussed earher. The 
relative rates of dissociation of bromine and recombination of bromine atoms 
determine the bromine atom concentration 


Bie M — > 2Br eM 
RO oer => Bro + M 
[Br] = (bi eae Brel, 


fast equilibrium, 


and the chain is propagated by 


Br+ H, - HBr+ H, 
H+ Bro — HBr + Br, 


which produce as many atoms as they consume. There are, however, chain 
reactions in which some steps produce more radicals or chain carriers than they 
consume. Such steps are called chain-branching reactions, examples of which 
occur in the hydrogen-oxygen reaction: 


O.+ M — 20 Initiation 
O+H,.- OH+H branching 
H+ 0, ~ OH+0 branching 
OH + H,. —- H2O+ H propagation 
termination 
210. a? H.O>2 + O>» 
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If the rate of the branching reaction is greater than the rate of the termination 
reactions, the concentration of chain carriers grows steadily, and hence the rate 
of propagation increases essentially without limit. This nearly unbounded 
reaction rate 1s what produces an explosion. The slow, controlled reaction can 
be maintained if the termination step is made fast enough so that branching 
reactions cannot produce ever-increasing numbers of chain carriers, or if the 
rate at which reactants are fed into the reaction mixture is limited. 

To summarize our discussion of concentration effects and reaction mech- 
anisms, we note that the investigation of a reaction rate involves the following 
steps: 


1. The rate law is determined by studying the effect of concentration of 
reactants on the rate of reaction. 


bo 


. The rate law, together with imagination, general chemical experience, and 
the principles of stoichiometry and molecular structure, is used to deduce a 
mechanism for the reaction. 

3. The mechanism is used to show that the measured rate constant is either the 
rate constant for one of the elementary processes, or 1s an algebraic combina- 
tion of elementary rate constants and equilibrium constants. 

4. The temperature dependence of the rate constant 1s determined. This 

information permits us to interpret the magmtude of the rate constant in 

terms of the nature of the reacting molecules. 


The last step has not yet been discussed. We will turn to it after a brief analysis 
of the relation between reaction rates and chemical equilibria. 


9.3 REACTION RATES AND EQUILIBRIA 


We noted in Chapter 5 that in a state of chemical equilibrium, the rates of the 
forward reaction and its reverse are exactly equal. This principle allows us to 
establish a relation between equilibrium constants and rate constants. Let us 
first consider the reaction 


GeremN0, —> CO, = NO 
and its reverse 


WOOP = ROPER Co. 


Both of these reactions are elementary processes and, at temperatures above 
500°I, are the only reactions responsible for the interconversion of COg, NO, 
NOs, and CO. When a mixture of these molecules reaches chemical equilibrium, 
the rates of the two reactions must be equal. At equilibrium, then, 


k(CO).{NOo), = k_s[COe].[NO]., 


where the subscript e¢ indicates that the concentrations are those found at 
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chemical equilibrium. We can rearrange this expression to 


ky [COs]e[NO]e 


k1 — [(CO].[NOol. 





The quotient of the equilibrium concentrations is equal to the equilibrium 
constant, so this equation shows us that 


ie ne: 
roy = Kea | 


This is the general relation which connects the equilibrium constant and the 
rate constants for the forward and reverse of any elementary process. 

It is not difficult to extend this argument to reactions which proceed by a 
multistep mechanism. Our example now 1s 


NO. + F, —> NOF +F, 
F +NO, —> NOP. 


The condition for equilibrium in such a system 1s that each elementary process 
and its reverse proceed at the same rate. The reverse reactions of our mech- 
anism are 


I +. NOI — NO» +. ioe 
NOs ——=tNO, ee! F 


The equilibrium condition requires that | 


ky[NOo] [Vole = k_,[NOeF ]{I'Je, 
ke[NOolell']le = k_e[NOol]e. 


Now we combine these two expressions in a way which will eliminate the con- 
centration of fluorine atoms. Multiplication of the left- and right-hand sides 
respectively gives 


kyko[NO2]2(Felll = k_yk_-o[NOoF]e(F ]-. 


Cancellation of the fluorine atom concentration and rearrangement leave us 
with 
kiko [NOoF]e 
kyk—2  [NOgleFe]. 


Once again, the concentration quotient is equal to the equilibrium constant, so 
we conclude that 

lyke _ 

yn 


ee « 
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The prinerple that at equilibrium, each elementary process and its reverse 
proceed at the same rate establishes the connection between the equilibrium 
constant of a reaction and the rate constants of its elementary processes. This 
idea that at equilibrium, each elementary process is exactly balanced by its 
reverse reaction is called the principle of detailed balancing, or sometimes the 
principle of microscopic reversibility. 


9.4 COLLISION THEORY OF GASEOUS REACTIONS 


Now that the connection between reaction mechanism, rate constants, and 
equilibrium constants has been found, we can begin a theoretical analysis of 
the factors which determine the magnitude of the specific rate constant. We 
will treat gaseous bimolecular reactions, for which the theory is best established. 

It is a fundamental idea of the collision theory of reactions that a minimum 
condition for two molecules A and B to react is that their centers of mass must 
come to within a certain critical distance of each other. We will call this dis- 
tance p. Its exact value depends on the nature of the molecules which react, 
but we would expect that, in general, p is not much larger than the length of a 
chemical bond, that 1s, about 2 or 3 A. In Section 2.6 we found the expression 
for the number of collisions experienced by one molecule in one second: 


collisions/molecule-seec = mp7én, 


where n 1s the number of molecules per cubic centimeter, and @ is the average 
relative speed of the molecules in centimeters per second. We can adapt this 
expression to calculate the total rate at which A-molecules collide with B- 
molecules. If the concentration of B in molecules/cm?* is np, then the number 
of collisions that one A-molecule makes per second with B-molecules is 7p7énp. 
If the concentration of A-molecules is na, then the total number of A-B col- 
lisions/see-em? is 


collisions/cm*-see = mp7énanp. (9.8) 


This is the total collision rate, and if molecules reacted upon every collision, it 
would be equal to the chemical reaction rate. Although we have expressed this 
rate as a number of collisions/em*-sec, we see that the combined units on the 
right-hand side of Eq. (9.8) are concentration/sec: 


Pee) em? em\ /molecules\? oe molecules 
A Se) AnB ————_* 
p ® \molecule/ \sec em? a em2-see 


Strictly, the units are molecules that react (collide) per second per cubic centi- 
meter. 

Because Eq. (9.8) apparently represents a maximum possible reaction rate, 
it is interesting to evaluate it for a typical situation. If we take both gases to 
be at l-atm pressure and 0°C, then na = np = 2.8 x 1019 molecules/em?. 
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Common values of p and @ are 3 X 1078 cm and 5 X 10% em/see, respectively. 
Therefore 


collision rate = (3.14)(3 x 1078)?(5 x 104)(2.8 x 10) 
— 1.1 X 10° molecules/em*-sec 
= 1.8 x 10° moles/liter-see. 


The total collision rate corresponds to an enormous reaction rate. If the two 
reacting gases, each at 1 atm, could be mixed, they would be almost entirely 
consumed by reaction in 107° see. A few reactions actually are nearly this 
fast; among them are 

N+NO > Not O, 


On the other hand, there are many common reactions used m laboratory and 
industrial preparative chemistry whose rates are 10~7 or 107° moles/liter-see, 
or 107!9 to 107?! times as fast as the total collision rate. There are other 
reactions that proceed even more slowly. Therefore, there must be criteria for 
reaction, other than those considered so far, that are responsible for this enor- 
mous variation in reaction rate. 

The clue that led to the discovery of the most importaut eriterion for chemical 
reaction is the fact that reaction rates are m general very sensitive to tem- 
perature. Although the rates of some reactions are virtually independent of 
temperature, a temperature change of 10° increases the rate of most bimolecular 
reactions by factors which commonly lic between 1.5 and 5. The total collision- 
rate formula, Eq. (9.8), does not account for this behavior, for it suggests that 
the only way in which tempcrature affeets reaction rate is through the mean 
speed @, which is proportional to 7'/*. Thus 


total collision rate « @ « 7T/?, 


If T is initially 300°, increasing it to 310°IX increases the collision rate by a 


faetor of 
1/2 
(310) os, 


We see that the average molecular speed is rather insensitive to temperature, 
and its variation cannot account for the temperature dependence of reaction 
rates. 

What feature of a gas is sensitive to temperature? If we consult lig. 9.4, the 
answer is clear. In Vig. 9.4, we find the Maxwell-Boltzmann energy distribution 
function plotted for two temperatures. The area under either one of these curves 
corresponding to energies equal to or greater than the value //, 1s equal to the 
fraction of molecules that collide with kinetic energy of relative motion equal 
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to or greater than #,. As the temperature changes, the area under the dis- 
tribution curve for energies greater than /, changes. If E, lies in the tail of 
the distribution curve, the area may change by a large factor as temperature 
changes. Thus, if we suppose that the only molecules which react are those that 
collide with energy greater than a certain minimum, we can explain why chem- 
ical reaction rates are generally smaller and more temperature sensitive than 
total collision rates. The minimum energy of relative motion necessary for 
reaction is called the activation energy, and is a factor of foremost importance 
in determining the magnitude of the reaction rate. 






300° K 





500°K The distribution of molecular kinetic 
energies at two temperatures. The num- 
ber of molecules with energy Ea or 
greater is proportional to the shaded 


area for each temperature. 


Relative number of molecules 
with a particular energy 


energy 


In any collision that leads to reaction, some chemical bonds are broken and 
some new bonds may be formed. During any individual reactive collision, the 
total energy of the colliding particles remains constant, but this total energy can 
be interconverted between kinetic energy and potential energy of the partici- 
pating atoms. The origin of the activation-energy requirement is most easily 
explained if we assume that between the atomic arrangement we call products 
and that called reactants, there is an atomic arrangement which has a potential 
energy greater than that of reactants or products. In order to pass from re- 
actants to products, a colliding pair of molecules must possess a total energy 
at least equal in magnitude to the potential energy of this intermediate atomic 
configuration. 

Let us consider a specific example. The reaction 


Br+ H, —- HBr+H 


is of the simplest type, since it involves only three atoms. Tor simpheity, we 
shall assume that the reactants collide such that the nuclei of the three atoms 
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lie on the same straight line at all times. The potential energy of this hnear 
system of atoms is plotted mn lig. 9.5 as a function of a “reaction coordinate ” 
that represents the progress of the three atoms from the form of renctants to 
that of products. When Brand fH, are many angstroms from each other, the 
reaction coordinate is simply the distance between their centers of mass. In 
(his region, the potential energy is essentially constant. As the bromime atom 
nears the hydrogen molecule, there may be at first n slight lowering of the 
potential energy due to van der Waals attractive forces, but as the bromine 
atom moves still closer, the potential energy of the system. rises. 


$i 

cy 

= 

Y 

: HBr 
The potential energy as a function of the re- a 
action coordinate for the linear system of £ 
atoms in the reaction Br + He — HBr-+ H. 

Br+H, 





Renuction coordinate 


In the region where all three atoms are close, the reachion coordinate repre- 
sents a simultaneous shrinking of the Br—H distance and expansion of the 
Ht—H distance. Theoretical calculations suggest that. the maximum potential 
energy is reached when the Br—fH and H—H distances are comparable, both 
approximately 1.5 A. In this situation the central hydrogen atom is partially 
bonded to both terminal atoms. This configuration of maximum potential 
energy is the activated complex. The activated complex decays as the external 
hydrogen atom moves away and the molecule of HBr is formed. To the right 
of the potential-energy maximum, the reachon coordinate is the distance 
between the centers of mass of HBr and H, and the potential cnergy along this 
coordinate is substantially constant. 

We can now ask how the potential-energy profile is changed when the three 
atoms do not all Hie on a straight line. In the particular case we are cliscussing, 
the potential energy is unaffected for configurations that are removed from the 
potenUia-energy maximum, but the height of the maximum increases as the 
activated complex becomes bent, as shown m Fig. 9.0. Therefore, while it is 
possible for collisions in whieh the three atoms are not collinear to lead to 
reaction, the energy requirement for such collisions ts grenter than for those im 
which the atoms are collmear. 
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Similar considerations apply to other, more complicated reaction processes. 
The reaction 


BONO = NO CO, 


involyes an activated complex for which the geometry of lowest energy is 
Zigzag: 
N iN 
aN eS 
OC + O O— [(O—C .---O QO] — OCO + NO. 


If the collision occurs im a way that forces the geometry of the activated com- 
plex to depart seriously from this most favorable arrangement, the energy 
barrier between reactants and products is higher and fewer collisions can meet 
this requirement. In the extreme case it is difficult to see how a collision with 
the orientation 


can lead to reaction at all, since the atoms that must eventually become bonded 
are separated from each other. 





HBr+H 





The potential energy as a function of the 
reaction coordinate for the reaction Br + 
He — HBr+H. The solid line represents 
Br+H, the linear system of atoms, and the dashed 
line a nonlinear configuration of atoms. 


Potential energy 





Reaction coordinate 


Our discussion has revealed two related factors that influence reaction rates. 
Not only must molecules collide, they must collide with a restricted range of 
relative orientations, and with enough initial kinetic cnergy of relative motion 
to be able to pass over the potential-energy barrier to products. The energy 
aud orientation factors are related because it is the orientation of the colliding 
molecules that determines, to a certain extent, what the energy requirement is. 
When the energy and orientation criteria are applied, the theoretical expression 
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Table 9.1 Dependence of exponential! factor e~*«/*? on E, and T 


E. 10 kcal 20 kcal 30 kcal 
TC@K) 
298 4.6 xX 10-8 21x 10-2) 9.9 x 10-23 
400 3.4 x 10-6 12x 10-11! 4.0 10-17 
600 2310. Be < 10m 1.2 x 10-2 


800 ioe Cee ee ol 6.4 x 10-9 





for the rate of a bimolecular gas reaction becomes 


pa 
rate — 77 (S27) pre en ann, (9.9) 





mw 


where » is a combination of molecular masses given by 


MAMB 
a Sa ee, 
HO se De 


is Boltzmann’s constant, and R is the ideal gas constant in units of cal/mole- 
deg. The quantity p is called the steric factor and 1s related to the orientation 
requirement. Its value depends on the complexity of the reaeting molecules 
and on how sensitive the height of the potential-energy barrier ts to distortions 
of the activated complex. Methods are available for estimating p from the 
mechanical and geometrie properties of the activated complex. In general, p 1s 
approximately 107! for reactions between atoms and simple moleeules, but may 
be as small as 107° for a reaction between two complicated molecules. 

The factor e7#«!#7 arises from the energy requirement, since /, is the activa- 
tion energy, the minimum energy required to form the activated complex from 
the reactants. Table 9.1 gives the value of this exponential factor for several 
choices of temperature and activation energy. It is clear from these humbers 
that the activation-energy requirement can have a profound influence on the 
reaction rate. Table 9.2 lists a few reactions and their experimentally deter- 


Table 9.2 Activation energies of some bimolecular reactions 





Reaction E,(kcal/mole) 
NO +03 — NOo+ O02 255 
H+ D2 — HD+D 8 
Br+ He — HBr+H 17.6 
Cl+He — HCI+H 55 
H + Bre — HBr+ Br 2 
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mined aetivation energies. Differences in the activation energies are largely 
responsible for the large range of the magnitudes of ehemieal reaetion rates. 

igure 9.7 shows how the activation energy for a reaetion and its reverse 
are related to the overall energy change for the reaetion. Any reaction and its 
reverse have the same activated eomplex, so if we call /,; the aetivation energy 
for the forward reaction, and /,, the aetivation energy for the reverse process, 
we get 

AE = lay — Ear 


for the overall energy change for the forward reaction. 








The relation between the activation energy 
of a forward reaction Eas, that of the reverse 
reaction Ear, and AE, the net internal energy 
change. 


Reactants i 
Ak 





Products 





Let us return to Eq. (9.9) and set the rate of the bimolecular reaetion equal 
to k’nanp, where k’ is the bimoleeular rate constant. This gives us 


wkT\ 1? 4 _ 
nana = p (S22) pe Bgl kT) snp. 


Canceling the eoneentrations leads to 


: 1/2 
w= p(B) prc 0.10) 


as the expression for the bimoleeular rate constant. Equation (9.10) shows that 
the rate eonstant is determined by the temperature and by the nature of the 
reaetants through the faetors p, p, uw, and /,. Now that we have identified the 
prineipal faetors that determine a bimoleeular rate constant, we might ask 
whether it is possible to prediet reaction rates theoretically. In principle this 1s 
possible; in praetice it is not often done satisfaetorily. To prediet a reaetion 
rate, one must know all the mechanieal properties of the activated eomplex. 
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FIG. 9.8 


There are some methods that can be used to estimate geometric properties of 
activated complexes, but it is virtually tmpossible to predict activation energies 
accurately. Since reaction rates are so sensitive to the value of the activation 
energy, it is not possible at the present time to make very uscful predictions 
of the magnitudes of many reaction rates. 


5.0 
4.0 
3.0 
ind 
= 2.0 
The natural logarithm of the rate con- i 
stant as a function of reciprocal tem- 10 


perature for the dimerization of 
butadiene. The slope of the line 
equals —E,/R. les 1.6 1.7 1.8 1.9 

] 


7p * 108 (deg—!) 
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Inasmuch as it is usually not possible to predict the activation energies of 
chemical reactions, these quantities must be obtained experimentally. ‘To see 
how this is done, let us first note that in Eq. (9.10), the factors other than 
eFa/RT ore rather insensitive to temperature. In particular, we demonstrated 
in Section 9.4 that 7''/? changes by only a very small factor when T is changed 
by 10 K°. On the other hand, reference to Table 9.1 shows how rapidly the 
factor e~¥e!®T yaries with temperature. With these ideas in mind, we can 
rewrite Eq. (9.10) mn the form 

k = Ae Pal RP (9.11) 


and regard the pre-exponential factor A as virtually independent of tempera- 
ture. Taking the natural logarithm of Eq. (9.11) gives 


Ka 


Ink =InA — RT 


(9.12) 


+ 
U 


nka=— — +. constant. (9.13) 
Equation (9.13) suggests that a plot of In & as a function of 1/7 should be a 
straight line, and as lig. 9.8 demonstrates, this is found experimentally. Our 
analysis shows that the slope of this plot is —H#,/R, and experimental activa- 
tion energies are obtained by measuring & at several temperatures, plottmg the 
data as in Fig. 9.8, and calculating /, from the slope. 
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If the activation energy and the value of the rate constant at one temperature 
are known, it is possible to calculate the rate constant for any other temperature. 
To show this, we need only write Eq. (9.12) for two temperatures: 


E, 
Rilo. 
RE. 


In ko 


In A — 








Ink; =InA — 


Subtracting the second of these from the first gives 


ke ae f 1 1 
In i. R (7. 7) (9.14) 


Thus if 7), hk), and £, are known, ke can be calculated for any choice of To. 





Example 9.1 For the reaction, 
CoHsI + OH~ — CeH;,0H + I-, 
ees ~ 10-* WW! - sec! at 289°K and Pa lelie estes at ooo hk. 


What is the activation energy of the reaction? What is its rate constant at 305°K? 
By Eq. (9.14), 


7 (uw ko 
(289) (333) Ge 
= 1.99 —————- 2.3 log —_____——— 
iS iemaaay 7 3108 = 03x 102 


Pinu cale— 21.2 kcal 


To find the rate constant at 305°KK, we use #, and the rate constant at 333°I to get 


2.3 log kg = 2.3 log k) — Ba =) 


R TT 
21,300 | 333 — 305 
sate eee pa 
log ko = 0.826 — 1.28 = —0.45, 
ko = 0.835 M7! - sec}, 


The experimentally measured value is 0.37 Af! - sec}. 
Our discussion of the effect of temperature on reaction rate has dealt ex- 


clusively with bimolecular elementary reactions. Now let us consider some 
other cases. A unimolecular rearrangement reaction always mvolves collisional 
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processes that produce and destroy energized species. For the rearrangement 
of eveclopropane to propylene, the important steps are 


CHe CHoe i 


ky 
YN Hem) SN +M, 
H,C———-CH, k2 | HaC———CH, 
CHiemn ae 
vA \ mee Olu Ols Oley 
es Oe ok 


where Mis any molecule, ineluding evelopropane itself. Only the cyclopropane 
molecules with considerable mternal energy of vibration ean rearrange to 
propylene. The role of the collisions with the molecules M is to mamtain a 
eertam concentration of the evclopropane molecules in this energized condition, 
and the ratio of k; to ko 1s the equilibrium constant for the formation of energized 
molecules: 


[cyclopropane | ky 

[evelopropane] ka 
General thermodynamic considerations suggest that this equilibrium constant 
should be proportional to e~*a’*?, where E, is the minimum energy a cyelo- 
propane molecule must have m order to be considered activated; that ts, in 
order to be able to react by step 3. The decomposition of the aetrvated mole- 
ecules occurs with some rate constant kg characteristic of the structure of the 
molecule, and k3 is not strongly temperature dependent. Thus for the tem- 
perature dependence of the overall first-order reaction we get 


k — 
ke + kz = constant X e ova 
2 


where / is the experimental rate constant defined by 


= ne) = k[eyclopropane]. 


Thus for reactions that involve a unimolecular decomposition step we again 
obtam an exponential relation between the rate constant and temperature. 

It is not always true that the rate of a reaction mereases as temperature 
inereases. For example, the recombination of iodine atoms, 


I+]+ Ar > I,.+ Ar, 


is faster at lower temperatures than at higher temperatures. The same its true 
for other atomic recombinations. The explanation of this behavior lies in the 
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mechanism of the reaction: 
I+ Ar-+ Ar —— TAr + Ar, fast equilibrium, 
—! 
ke 
[Ar + I —  [.+ Ar, slow. 


The weakly bound complex LAr is in equilibrium with iodine and argon atoms. 
Thus 





[LAr] = (hk,/k_,)(Ar]{]] and tal = /o[I][TAr] 
give us 
d{Io] = ae TIT we 
7 we ko[I]}*[Ar]. 


Since k,/k_, 1s the equilibrium constant for what must be an exothermic asso- 
ciation reaction, it must decrease as temperature increases. Now kg Is the rate 
constant for a bimolecular process, and if there were any activation energy 
required for reaction 2, kg would increase with temperature. However, for 
virtually all atom recombimations there is no activation energy for step 2, and 
the overall rate of recombination follows the behavior of k;/k_;, and decreases 
as temperature mncreases. 

To summarize our discussion of the effect of temperature on reaction rates, 
we can remark that the rate constants of bimolecular elementary reactions 
generally increase with increasing temperature at a rate determined by the 
actrvation energy of the reaction. However, the behavior of the overall rate 
constant of a reaction that follows a complex mechanism is difficult to predict. 
Depending on the nature of the mechanism, the overall rate constant may 
merease, decrease, or stay virtually constant as the temperature ts changed. 


9.6 RATES OF REACTIONS IN SOLUTION 


Reactions in the gas phase occur by processes in which no more than three 
molecules collide at the same time. The situation ts quite different for reactions 
which take place in solution. Any reactant molecules brought together in 
solution not only collide with each other, but are constantly subjected to forces 
due to their several neighboring solvent molecules. It would appear, then, that 
any reaction in solution is a complicated event in which the behavior of not 
ouly the reactants but 10 or 20 surrounding solvent molecules must be con- 
sidered. Despite this apparent complexity, we can achieve a good understandmg 
of solution reactions by analyzing three general factors which affect the reaction 
sates ‘They are: 

1. The rate at which inittally separated reactant molecules come together and 

become neighbors. This is called the rate of encounters. 
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2. The time that two reactants spend as neighbors before moving away from 
each other. This is called the duration of an encounter. During this time 
the two reactants may collide or vibrate against cach other hundreds of 
times. 


3. The requirements of energy and orientation which two neighboring reactant 
molecules must satisfy in order to react. 


The first and third factors are similar to the concepts which entered our discus- 
sion of gas-phase reactions, while the second involves a phenomenon which 
occurs only in dense phases. Any one of these three factors may determine the 
rate at which a reaction occurs, and we shall now consider each of them m 
more detail. 

There are several reactions in which there are no activation-cnergy or orienta- 
tion requirements; the molecules react as soon as they become neighbors. 
Consequently the reaction rate is limited only by our first factor—the rate at 
which encounters occur. Two examples of such reactions are 


I+!1— I, (an CCl, solution), 
H,0* + HSO, — H.S0O,+H,0 (in HO solution). 


Since the reactants are of very simple structure, and sinee the products arc 
energetically much more stable than the reactants, it 1s not surprising that 
there are no orientation or energy restrictions for reaction. The reactant mole- 
cules move together through the liquid by diffusion. Smee the rate of the 
reaction is determined only by the rate at which reactant molecules can diffuse 
together, these reactions are said to be diffusion controlled. The rate at which 
diffusion occurs depends on the nature of the solvent. If the solvent molecules 
are large and exert strong forces on one another, they will impede the motion 
of reactant molecules and diminish the rates of diffusion-controlled reactions. 
Therefore, diffusion-controlled reactions are fastest in solvents of low viscosity, 
where the solvent molecules are easily pushed aside by the diffusion reactants. 

Diffusion-controlled reactions are very rapid, and consequently it is difficult 
to measure their rate constants. However, considerable effort and mgenuity 
have been applied to this problem, and Table 9.3 contaims only a few of the 
measured rate constants for diffusion-controlled reactions. The neutralization 
reaction between H3;07 and OH7 is the fastest of all reactions that take place 
in aqueous solution, because H307 and OH7™ diffuse through water faster than 
any other tons. The rate constant for the corresponding reaction between 
H307 and F7 is smaller, since I'~ diffuses through water more slowly than 
docs OH~. Comparison of the rate constants of the last three reactions is 
interesting because it shows how the charge on the reacting specics affects the 
reaction rate. We would expect the rate at which two ions of opposite charge 
diffuse together to be greater than the rate of encounters of an ion and a neutral 
specics, or of two ions of the same charge. The data substantiate this expecta- 
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Table 9.3 Rate constants for diffusion controlled reactions 


Reaction k(liters/mole-sec) 
H30+ + OH- — 2H20 1.4 x 10!! 
H30+ + F- — HF + H20 1 x 10!1 
H;0+ + HS- — HeS + H20 75 << 10°" 
H30+ + N(CH3)3 — H20 + HN(CH3)4 2.6 >< 10)" 
H30+ + CuOH+ — Cutt(aq) + H2O0 1 x 10!° 
H30+ + (NH3)5sCoOHt? — (NH3)sCoH20t3 + H20 4.8 x 109 


tion, since the rate of these neutralizations deereases as the like charge on the 
reactants mereases. 

The second of the rate-controllmg faetors also involves the effeet of the 
solvent on the motion of reaetant moleeules. Consider, for example, an iodme 
molecule whieh has somehow received enough energy to dissoerate into atoms. 
If this moleeule is m the gas phase, this dissociation occurs immediately, and 
within 107"! see the two atoms may be separated by several hundred ang- 
stroms. However, if the dissociating molecule ts im a solution, it is surrounded 
by solvent moleeules which impede the separation of the atoms, and which 
thereby may prevent the dissoeration. In essenee, the 1odme moleeule is held 
in a “eage” of solvent molecules, and the aetion of the solvent which prevents 
dissociation is known as the “eage effeet.” In our example, the eage effeet 
diminishes the net rate of dissoeration of 1odine moleeules. However, there are 
situations in whieh the cage effeet ean work to merease the reaction rate. Sup- 
pose two molecules diffuse together but find upon their first collision that they 
do not satisfy the energy or ortentation requirements for reaetion. Then, 1n- 
stead of immediately separating, they are held as neighbors by the solvent eage. 
The duration of such an encounter may be 107!° see, and durmg this time the 
moleeules may aequire the energy or orientation required to react. This argu- 
ment shows one essential differenee between reaetions in the gas and liquid 
phases. In the gas phase, moleeules collide and, 1f no reaetion oceurs, separate 
immediately. In solution, molecules make an encounter during whieh they may 
eollide several hundred times. If no reaction oceurs, they eventually separate. 

The third of the rate-eontrolling factors, the energy-orientation requirement, 
is primarily determined by the nature of the reaeting species. Even here, how- 
ever, the solvent may play a role. A good example is the reaetion 


(CH3)3CCl + OH” — (CH3)3;COH + Cl’, 
whieh proeecds by the meehanism 


(CH3)3CCl a (sli Ges + Ci— (slow), 
(CH.).C* OMe (CH.).COH (aay 
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Of the reactants, only (CH3)3CCl is involved in the rate-determining step, 
and consequently the reaction is first order with respect to (CH3)3CCl, and 
does not depend on the concentration of OH™. This reaction can be studied 
in aqueous solution and in solvents which are mixtures of water and organic 
liquids. The result is that the rate of the reaction depends profoundly on the 
nature of the solvent and increases with increasing water concentration. The 
explanation of this behavior is that the rate-determining step involves the 
production of a pair of ions, and this step would be expected to proceed more 
easily or more frequently in a solvent in which ions are more stable. In other 
words, a polar solvent to which ions are strongly attracted should increase the 
rate of ionization. This is precisely what is found: the reaction is 10* times 
faster in a 90% water-10% acetone mixture than in 10% water-—90% acetone. 
In general we can expect a reaction to be fastest in a solvent in which the 
activated complex is most stable. If, as in the above example, the activated 
complex is highly polar, the reaction should be fastest in a solvent of polar 
molecules. On the other hand, a reaction in which polar or ionic molecules 
form a nonpolar or neutral activated complex will be fastest in a nonpolar 
solvent. 
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We observed earlier that there are many reactions which, while having large 
equilibrium constants, proceed at extremely small rates. In order to take 
advantage of these reactions, particularly for industrial processes, 1t 1s 1mpor- 
tant to find ways to increase their rates. This is the general problem of catalysis. 
According to the usual formal definition, a catalyst is a substance which increases 
the speed of a chemical reaction without itself undergoing change. In practice 
this definition proves too restrictive. There are many instances in which a 
substance not required in the overall stoichiometry will increase the reaction rate 
and be changed at the same time. A simple example occurs in the hydrolysis of 
an ester; the overall equation 1s 


CH3COOC2H; + H20 — C.2H;0H + CH3COOH. 


Hydroxide ion is not required by the stoichiometry of this reaction, but its 
addition does increase the reaction rate. However, one of the reaction products 
is an acid, and any added hydroxide ion is consumed as the reaction proceeds. 
Even so, we call the hydroxide ion a catalyst, for according to common usage, 
a catalyst is any reagent which can increasc the rate of reaction while not being 
actually required for the stoichiometry. 

How do catalysts increase reaction rates? The general answer is that they 
provide new faster paths by which a reaction can proceed. This can be done in 
a variety of ways. Consider, for instance, the reaction between ceric and 
thallous tons: 

Deere ae ee %@aeee eT. 
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This reaction is slow because in order to remove two electrons from TI* simul- 
taneously, a three-body collision between ions of the same charge is required. 
However, the reaction is catalyzed by MntT, which acts in the following way: 


Cer: = MnttT — Cet? el Mnt?, 
Cet*# + Mnt? — Cet? + Mn*4, 
Mnt* + TIt - TIT? + Mnt™, 


That is, the presence of Mn** permits a new mechanism or reaction path, 
whereby the single slow termolecular process is replaced by three faster bi- 
molecular reactions. 

Catalysts can also act by modifying the electronic structure of the reactants. 
For example, the conversion of an alcohol to an organic halide is catalyzed by 
hydrogen ion. The reaction 1s 


Bit oe +. CoH;OH —? CoH;Br aa OH. 


The role of the hydrogen ion seems to be to facilitate the ejection of the OH 
group in the following way: 


iy = 
Ht + C,.H;0H = C2H;0—H (rapid equilibrium), 
t it + vi 
Br7> + C—O—H — Br--:C.--+ OH». — CH3CHe2Br + HO (slow). 
ii 
H H H H 


The presence of the proton on the hydroxyl group of the alcohol apparently 
lowers the activation energy of the second slow step. 

The reactions we have discussed are examples of homogeneous catalysis, since 
the catalytic processes occur in one phase. Phase boundaries or surfaces also 
can increase reaction rates; this is called heterogeneous catalysis. One of the 
most outstanding examples of heterogeneous catalysis is the hydrogenation of 
unsaturated organic compounds. The reaction 


He + CoHy — CoHe 


is immeasurably slow at moderate temperatures in the gas phase, but occurs 
readily at the surface of metals such as nickel, platinum, and palladium. Sep- 
arate experiments show that these metals can “dissolve” or absorb large 
quautities of hydrogen, apparentiy by incorporating it in the metallic lattice 
as hydrogen atoms. We might represent this process by 


3Ho(g) +M=M-H 
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where M represents the metal, and M-H stands for the “pool” of atomic 
hydrogen in the metallic lattice. Hydrogen atoms are known to be more reactive 
than hydrogen molecules, and thus the hydrogenation of C2H, may take 
place by 


Oe 16 ne 


In effect, the metal provides a new reaction path of low activation energy by 
dissociating the molecular hydrogen to atoms. 

Metal oxides are often effective catalysts for oxidation reactions. Two 
examples are 


Cu20 V205 


CO + eS an CO., SO. + 50% ———> Soa 


An outstanding feature of these metal oxide catalysts is their specificity—an 
oxide particularly effective as a catalyst for the oxidation of carbon monoxide 
may have no effect on the rate of sulfur dioxide oxidation. Presumably this is 
due to differences in the interaction or bonding which can occur between the 
surface and the various substances to be oxidized. However, since the nature 
of surfaces and their interactions with gaseous molecules is one of the most 
complicated problems in chemistry, the detailed explanation of much of surface 
catalysis has not yet been found. 
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In living systems, a great many very complicated molecular transformations are 
catalysed by large protein molecules called enzymes. These catalysts can be 
quite specific: for example, the enzyme urease catalyzes the hydrolysis of urea, 


(NH2)2 CO, by the reaction 


urease 


(NH2)2 CO + 2H,0 ——> 2NH7 + CO3, 


but has no effect on the hydrolysis rate of any other molecule, even those whose 
molecular structure 1s very similar to that of urea. This specificity is a very 
important feature of enzyme action. It provides a mechanism for allowing the 
highly selected reactions which are necessary for the function of living cells to 
occur rapidly at moderate temperatures. The specificity of enzymes varies, 
however. The enzyme a-chymotrypsin, which is secreted by the human pancreas, 
can catalyze the hydrolysis of esters, amides, and polypetides (see Chapters 
17 and 18), and is used by the body to speed the digestion of small protein 
molecules. 

Enzymes function by forming an association or complex with the molecule 
(called the substrate) whose transformation they catalyze. This enzyme-sub- 
Strate complex may dissociate back to reactant substrate and free enzyme, or to 
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free enzyme and product molecules. Thus we have the general mechanism 
Ky 
E+S8 a Es, 
ky 
ES — E + P, 


where E stands for the enzyme molecule, S for the substrate, ES for the enzyme- 
substrate complex, and P for the product molecules. This simple three-step 
mechanism does not deal with the detailed questions of how the enzyme and 
substrate are bound, and what atomic motions lead to product formation. Such 
questions are currently of very great interest to biochemists, and in some cases, 
a very detailed picture of enzyme action can be built up. Nevertheless, the 
general behavior of most enzyme-catalyzed reactions can be understood in 
terms of the simple three-step mechanism. 

Let us find the rate law given by this mechanism. To conform to common 
usage in biochemistry, we write V for the rate at which products appear. Then 


7 = Prageyy (9.15) 


and to proceed we must find an expression for the concentration of enzyme- 
substrate complexes. In the steady-state, when the rates of formation and 
destruction of ES just balance, we have 


kK [E][S] = (kK) + ke) [ES]. (9.16) 


This equation might be solved for the concentration of the enzyme-substrate 
complex [ES], but it contains the concentration of free enzyme [FE], which is 
unknown. There is a way around this difficulty, however. We can write the 
material balance equation for the enzyme as 


[Ko] = [E] + [ES], 
where [Eo] is the total concentration of enzyme material. Solving this equation 
for [E], and substituting the result in Eq. (9.16), we get 
Ky[S][(Eo] — [ES]) = (F_-1 + e)[ES], 
Ki lEo][S] 


(Dh) eee 
k_y + ke + k[5] 


for the concentration of the enzyme-substrate complex. Substituting this in 


Eq. (9.15) we find that the rate of reaction is given by 


_ ___ AikelEollS] 
k_1 + ko + kj[S] 
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Now we divide numerator and denominator by k,, and make the definition 


n= ho4 + Ko . 
ky 
The result is 
= kelBollS] (9.17) 
Kn+[8] 


This expression is known as the Michaelis-\fenten equation, after the first two 
scientists who used it to represent the kinetics of enzyme-catalyzed reactions. 
By taking the reciprocal of both sides, we obtain another common form of the 
Michaehs-Menten rate law: 

1 KG 


1 
— = ——_——. . Dh Lites 
Vi Ke[Eo] 7 ke[Eol[S] ss 





Thus the reciprocal of the reaction rate is a linear function of the reciprocal of 
the substrate concentration when the total amount of enzyme is held constant. 

Let us analyze the dependence of the reaction velocity V on the concentration 
of the substrate molecule 8 given by Eq. (9.17). At sufficiently low concentration 
of substrate, we can satisfy the inequality 


[S] K Kn, 


and therefore the concentration of substrate can be neglected compared to Ky», 
in the denominator of Eq. (9.17). Thus we get 


ae = EoliS],  [S]K Km, 


and we see that at low substrate concentrations, the rate is first order with 
respect to both substrate and enzyme. 

Now consider the contrasting situation in which the substrate concentration 
is so high that 


[5] >> Kan. 


In this case, we can neglect K,, compared to [S] in the denominator of Eq. (9.17). 
The result 1s that the concentration of the substrate cancels from the rate law 
expression, and we get 


Ko 
V = — [Ep], Si sae 
x, ol [S] 


Thus the rate law is now first order with respect to the enzyme, but zero order 
with respect to substrate. 
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What is the physical reason why the reaction rate changes from first to zero 
with respect to substrate as the substrate concentration is increased? Each 
enzyme molecule has one or more “active sites” at which the substrate must 
be bound in order for the catalyzed transformation to products to occur. When 
the concentration of substrate is low, most of these active sites are unoccupied 
at any time. Increasing the substrate concentration increases the number of 
these active sites which are occupied and the rate of reaction therefore increases. 
When very high substrate concentrations are reached, virtually all the active 
sites of the enzyme are occupied at any time, and further increases of the 
substrate concentration cannot increase the number of enzyme-substrate com- 
plexes. The rate is therefore unaffected by changes in the substrate concentra- 
tion. Examination of the expression for the enzyme-substrate complex 
concentration, 


Km + [S] 


confirms this picture. At low substrate concentrations we have 





ms] ze HollS! ighc Ky, 
IS oy 


so that [ES] increases linearly with [S]. At high substrate concentrations, we 
find 


[ES] — [Eo], [S] Dee ee 


which means that all active sites on the enzyme are occupied by substrate 
molecules. 

One way of affecting the pattern of cell functions is to inhibit the action of 
specific enzymes with chemical agents. This is in fact the basis for the action 
of several chemotherapeutic agents. Some molecules which act as inhibitors 
of an enzyme are chemically and structurally very similar to the normal sub- 
strate molecule and can occupy the active sites on the enzyme, but do not react 
to give the normal products. Such agents are known as competitive inhibitors, 
since they compete with the substrate for the active sites on the enzyme. 

Let us determine the form of the rate law for an enzyme-catalyzed reaction 
subject to competitive inhibition. The basic rate law is still 


V= ke[ES], 
but now we must find how the inhibitor affects the concentration of the enzyme- 
substrate complex. Let the inhibitor molecule be designated by I. For the 


formation and destruction of an enzyme-inhibitor complex EI by the reactions 


ee bel 
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there is an equilibrium constant defined by 


[ET] 


(EN 
The material balance equation for the enzyme is 
[Eo] = [E] + (EI) + (ES) 
= [E](1 + A[I)) + [ES]. 


Solving this for the enzyme concentration [E], and substituting the result into 
the steady state expression for [ES], 


Kk, (E][S] = (k_1 + ke)[ES], 
we can find the concentration of the enzyme-substrate complex, 


Ky(l + KI) + [8] 


The rate of reaction is therefore 


vy = ——— aol] _ (9.19) 
K»(l + A[I)) + [8] 


We can see from this that if K[I] is large compared with unity, the rate of reaction 
is diminished. Since 


an) = Gel 
(E) 


this condition occurs when an appreciable fraction of the active sites on the 
enzyme are occupied by inhibitor molecules. 


9.8 CONCLUSION 


406 


The chemical reactions we encounter range from the almost instantaneous to 
the imperceptibly slow. It is possible, nevertheless, to understand the existence 
of this great variety of rates in terms of reaction mechanisms and the nature of 
elementary processes. In analyzing reaction rates, we have found that very 
many chemical reactions proceed by a series of steps. For any chemical reaction, 
there may be more than one possible sequence of steps leading from reactants 
to products, and consequently, the reaction mechanism must be determined 
experimentally by studying the concentration dependence of the reaction rate. 
A marked change in the temperature, introduction of a catalyst, or some other 
change in the conditions of the reaction may cause the mechanism of a reaction 
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to change. In some circumstances, reactions proceed by two or more mechanisms 
simultaneously. In any case, a reaction proceeds by the fastest mechanism 
available to it. 

The elementary processes of a mechanism are events which involve from one 
to three molecules. In an elementary process, energy may be transferred from 
one molecule to another, bonds may be broken or formed, or electrons may 
be transferred. In order for a bimolecular reaction, in which some bonds are 
broken and others are made, to occur, the molecules must collide with a certain 
orientation and with a certain minimum energy. Because of the orientation 
and energy requirements, the reaction rate is generally less than the total] 
collision rate. While it is possible to predict the influence of the orientation 
requirement from the structures of the reacting molecules, 1t is considerably 
more difficult to predict what the activation energy of a reaction will be. As 
the techniques of quantum-mechanical calculation improve, it will prove pos- 
sible to calculate activation energies, and then we will be able to predict the 
rates of many elementary processes. In the meantime, however, analysis of 
experimental rate studies provides us with a description of what molecules do 
to each other when they react. 
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9.1 If concentrations are measured in moles per liter, and time in seconds, what are 
the units of the rate constant for (a) a first-order reaction (b) a second-order reaction 
and (c) a third-order reaction? 
9.2 For the reaction between gaseous chlorine and nitric oxide, 

2NO + Cle — 2NOCI, 
it is found that doubling the concentration of both reactants increases the rate by a 


factor of eight, but doubling the chlorine concentration alone only doubles the rate. 
What is the order of the reaction with respect to nitric oxide and chlorine? 
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9.3. The following terms are grouped in pairs which are sometimes confused with each 
other. Give a brief definition and explanation of each term that distinguishes one 
member of the pair from the other. 


reaction rate reaction rate constant 
order molecularity 
activation energy activated complex 


9.4 The reaction I~+ OCl~ — Cl~+ OI~ follows the rate law d[OI—]/dt = 
k{I-][OCI1~], but k’ proves to be a function of the hydroxide-ion concentration. For 
hydroxide concentrations of 1.00 J, 0.50 A7, and 0.25 Af, k’ is equal to 61, 120, and 
230 liters/mole-sec, respectively, at 25°C. What is the order of this reaction with 
respect to hydroxide ion? 

Thé mechanism of this reaction is 


OC]-+ HeO0 = HOCI]+ OH (fast equilibrium), 
HOCI+ I- — HOI-+ Cl7 (slow), 
HOI + OH- — H20+ OI- (fast). 
Show that this is consistent with the rate law for the reaction. 


9.5 The reaction between carbon monoxide and chlorine to form phosgene (Cl2CO), 


Cle+ CO — CleCO. 


has the rate law 


i = kCl.]*ICO). 


Show that the following mechanism is consistent with this rate law: 
Cl+M = 2Cl+ M, (fast equilibrium), 
Cl+ CO+ M = CICO+ M, (fast equilibrium), 


C1ICO + Cle — CleCO-+ Cl, (slow). 
9.6 In acid solution the rate of the reaction 
NH; + PO ee eee 2 Oa 
is consistent with the mechanism 
HNOe+ Ht = He0+ NO? (rapid equilibrium), 
NH; = NH,+ H* (rapid equilibrium), 
NOt+ NH3 > NH3NOt (slow), 
NH3sNOt — He0+ Ht+ Noe (fast). 
Write the rate law which is consistent with this mechanism by expressing d[NH{)/ dt 
as a function of [NH], OF laand [4 
9.7 Consider the set of reactions 
A+B a C+D, 


k—1 


GC pam. 5. 
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What relationships between the magnitudes of 4,, k—1, and ke and reagent concentra- 
tions will lead to the following rate laws? 
) “ET _ , (AIBIIE] p) ee | epagrpy 

dt [D] dt 
9.8 The following data give the concentration of gaseous butadiene as a function of 
time at 500°K. Plot them as Inc vs. ¢ and as 1/c vs. t. Determine the order of the 
reaction, and calculate the rate constant. 


t (sec) C (moles/liter) t (sec) C (moles/liter) 
195 eZ X A0 7 4140 O39 x 10> = 
604 47 xX 1052 4655 eso <x 1054 

1246 L2o X10 6210 O68 x 105 

2180 1107x310. S135 ay G10 s2 


9.9 The following data give the pressure of gaseous NoOs as a function of time at 
45°C. Plot them first as 1/P vs. ¢t, and then as In P vs. t. Ascertain the order of the 
reaction, and calculate the rate constant. 


t (sec) P Umm) t (sec) P (mm) 
8) 348 3600 58 
600 247 4800 33 
1200 135 6000 18 
2400 105 7200 10 


9.10 The following data give the temperature dependence of the rate constant for the 
reaction No05 — 2NOe+ $02. Plot them and calculate the activation energy of 
the reaction. 


T (°K) k (sec!) T (°K) k (sec!) 
Sets! 4.87 X 1073 308 jess x 10-52 
328 150: xX 1055 298 3.46 x 1075 
318 4.98 X 1074 273 7.87 X10 


9.11 It is often stated that near room temperature, a reaction rate doubles if the 
temperature increases by 10°. Calculate the activation energy of a reaction that obeys 
this rule exactly. Would you expect to find this rule violated frequently? 


9.12 An endothermic reaction has a positive internal energy change Af. In such a 
case, what is the minimum value that the activation energy can have? (Refer to 
Fig. 9.7). 

9.13 An electronically excited atom can either fluoresce or lose its energy by collision 
with some other molecule. For example, 


He* 5 Hg -+ hy, 
lg* + Ar 25 He-+ Ar. 


These reactions are elementary processes. What is the rate law of each? What ts the 
expression for the fraction of atoms lost by fluorescence at a given pressure of Ar? 
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9.14 Nitramide, OoNNHo2, decomposes slowly in aqueous solution according to the 
reaction 

OoNNHe > NoO+ Ho20. 
The experimental rate law is 


d[N20] _ , [OgNNH2] 





dt (H+ 
a) Which of the following mechanisms seems most appropriate? 
ie OoNN Ho eaten N20 + HeO (slow) 
k 
2. OoNNHo+ Ht eae OoNNH (fast equilibrium) 
2 
OoNNH+ —*> N2O0+ H30+ Glow) 
k 
a OoNNHo a= OoNNH--+ H+ (fast equilibrium) 
—4 
OoNNH- —“3 NCOs aera: (slow) 
He OH =" Heo (fast) 


b) What is the algebraic relation between the & in the experimental rate law and the 
rate constants in the mechanism you chose? (c) What is the algebraic relation 
between the equilibrium constant for the overall reaction and the rate constants for 
the elementary process and their reverse reactions? 
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CHAPTER 10 


THE ELECTRONIC 
STRUCTURE OF ATOMS 


The strength of a science is that its conclusions are derived by logical arguments 
from facts that are the results of controlled experiments. Science has produced 
a picture of the microscopic structure of the atom, but it is a picture so detailed 
and so subtle of something which is so removed from our immediate experience 
that it is difficult to see how many of its features were constructed. This is so 
because many experiments have contributed to our ideas about the atom; even 
now as more experiments are done, the picture is being refined and revised. 
Yet among all the experiments used to form the theory of atomic structure, 
there stand a few which have been most influential in shaping its major features. 
In this chapter we shall examine these experiments and see how they contributed 
to the development of the atomic theory. Then, equipped with this logical 
background, we shall discuss the detailed features of the atomic theory itself. 
We shall examine the development of the theory of atomic structure in an 
historical context, for the order in which the most significant experiments were 
done is, surprisingly, the order in which the logic of the theory of atomic struc- 
ture 1s most clear. There were essentially three great steps: the discovery of 
the electrical nature of matter and the nature of electricity itself (1900), the 
discovery that the atom consists of a nucleus surrounded by electrons (1911), 
and the discovery of the mechanical laws which govern the behavior of electrons 
in atoms (1925). 
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10.1 ELECTRICAL NATURE OF MATTER 


The first important elues to the nature of electricity and the electrical structure 
of atoms came in 1833 as a result of Faraday’s investigations of clectrolysis. 
His findings ean be summarized by two statements: 


1. The weight of a given matcrial deposited at an eleetrode by a given amount 
of electricity 1s always the samc. 


Lo 


The weights of various materials deposited, cvolved, or dissolved at an 
cleetrode by a fixed amount of cleetricity are proportional to the equivalent 
weights of these substances. 


The second of these laws is particularly revealing, if we remembcr that the 
equivalent weight of any substanee contains the same number of molecules, or 
an integral multiple thereof. Then we sce that the laws of clcetrolysis are analo- 
gous to the laws of chemical combination whieh originally suggested the exist- 
enee of atoms. If a fixed number of atoms reaets only with a certain fixed amount 
of eleetrieity, it seems reasonable to suppose that eleetricity itself 1s composed 
of partieles. Accordingly, an elementary electrode process must involve one 
moleeule combining with or losing a small mtegral number of these electrical 
partieles. Although Faraday did not realize this implieation of his work, he did 
sense the relation between eleetricity and chemical bonding, for in his writings 
we find: “I have sueh conviction that the power whieh governs elcetrodecom- 
position and ordinary ehemieal attractions is the samc.” 

The implications of Faraday’s experiments were reeognized in 1874 by G. J. 
Stoney, who first suggested the name electron for the fundamental electrical 
particle. However, it was not until 1897 that any firm experimental evidence 
for the existenee and properties of the eleetron was found. The source of the 
decisive information was the investigation of the eleetrical conductivity of gases 
at low pressure. Gases are ordinarily electrical insulators, but when subjected 
to high voltages at pressures below 0.01 atm they “break down,” and electrical 
conduction aeeompanied by light emission ensues. When the gas pressure 1s 
lowered to 1077 atm, the electrical conduction persists, the luminosity of the 
gas decreases, and if the voltages involved are high enough (5000 to 10,000 
volts), the glass container begins to glow or fluoresce faintly. By 1890 various 
expcrimenters had shown that this fluorescence is the result of bombardment of 
glass by “rays” which, originating at the eathode or negative electrode, travel 
in straight lines until they strike cither the positive electrode or the walls of 
the tube. Other experiments showed that these “cathode rays” could be 
deficcted by a magnctic field, just as a wire is which earries an clectric current. 


Experiments of J. J. Thomson 
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In 1897 J. J. Thomson demonstrated that when the eathode rays were deflected 
onto an electrode of an electrometer, the instrument acquired a negative charge. 
Furthermore, he was the first to show that the rays could be deflected by the 
applieation of an electric field that caused them to move away from the negative 
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electrode. All of these results were found, irrespective of the gas present or the 
materials used to construct the discharge tube. Thomson provides us with a 
succinet summary and assessment of the results: 


‘“‘As cathode rays carry a charge of negative electricity, are deflected by an electrostatic 
force as if they were negatively electrified, and are acted on by a magnetic force in just 
the way in which this force would act on a negatively electrified body moving along the 
path of the rays, | can see no escape from the conclusion that they are charges of negative 
electricity carried by particles of matter.”’ 


What was the nature of these particles? The fact that they were found 
regardless of what gas was used in the discharge tube suggested that they were 
not one particular type of electrified atom, but rather a universal fragment 
found in all atoms. The ratio of charge to mass of various 1ons had been obtained 
from electrolysis experiments, and Thomson recognized that a determination of 
the charge-to-mass ratio for the cathode-ray particle would help identify it as 
either an 10n or some other charged fragment. Accordingly, he determined the 
charge-to-mass ratio (e/m) by two different methods. 

In his first determination Thomson bombarded an electrode with cathode 
rays and measured both the current delivered to the electrode and the tempera- 
ture rise produced by the bombardment. Irom the temperature rise and the 
heat capacity of the electrode he calculated the energy, W, which the cathode- 
ray particles delivered; this he took as equal to the kinetie energy of the particles: 


. N+ mv? 

y= nears 

Here N is the number of particles of mass m and velocity v which arrived at 
the electrode during the experiment. Since mv?/2 is the kinetic energy of one 
particle, Nmv7/2 is the total kinetic energy of the particles which struck the 
electrode. The total charge, Q, collected at the electrode during the experiment 
is related to N and e, the charge on each particle, by 


Ne, 


Combining these two equations gives 


£ = = (<) (10.1) 


As we have said, Thomson could measure Q and IV; to calculate e/m he 
needed only to measure the velocity of the particles. He accomplished this by 
measuring their deflection by a magnetic field of known strength, 7/7. In a 
magnetic field, particles of charge e and mass m moving with velocity v travel 
in a circular path of radius r; the relation between these quantities 1s 


ert 
mn 
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Combining this with Eq. (10.1) gives 
€ 2NV 


m r2H2Q- 


All the quantities on the right-hand side of this equation can be measured, 
since the radius of curvature 7 produced by the known magnetic field H can be 
determined from the fluorescence produced by the particle beam. The value of 
e/m so obtained by Thomson is in acceptable agreement with the best modern 
determinations of the charge-to-mass ratio of the electron. 


Accelerating 
electrodes 





Cathode Deflecting 


plac plates 
vacuum 


Schematic representation of Thomson's apparatus for measuring e/m. Coils for pro- 
ducing a magnetic field perpendicular to the page are not shown. 


When a quantity such as e/m is determined for the first time, it is quite 
proper, indeed imperative, to ask whether the experiment performed really 
measures the desired quantity, and not some other unsuspected experimental 
artifact. One way to answer this question is to repeat the determination by a 
second experimental method which is as different from the first as possible. 
Agreement between the two methods suggests, but does not prove, the validity 
of the result. Thomson’s second procedure for determining e/m involved the 
apparatus shown in Fig. 10.1. A beam of cathode-ray particles passed through 
a region in which they could be subjected to electric and magnetic fields. Either 
field applied alone could deflect the beam from its horizontal trajectory, but 
the direction of the magnetic deflection was opposite to that produced by the 
electric field. Thus, if the electric field was applied and held constant, the 
magnitude of the magnetic field could be adjusted so as to return the beam to 
its original horizontal trajectory. In this condition, the force on the particles 
due to the magnetic field, Hev, was equal to the force due to the electric field, 
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el’. Thus 


Hev = eL 
and so 
jc = (10.2) 


The velocity of the particles could be calculated from measurements of 
and ff. 

The second step of the experiment was to remove the magnetie field and 
measure the deflection of the beam produced by the cleetrie field alone. As the 
particles pass between the plates, the electric force e/) produces a deflection 6 
which, as Fig. 10.1 shows, can be caleulated by the method of similar triangles 
from the displacement of the spot observed at the end of the tube. The cleetric 
force ef is related, by Newton’s second law, to an aceeleration, a: 


el} = force = mass & acceleration = ma, 


a= (10.3) 


The deflection 6 can be related to a and ¢, the time the particles spend between 
the plates, by 
6 = 4al?, (10.4) 


which 1s a well-known result of elementary mechanies. JT inally, ¢ can be ex- 
pressed in terms of the length of the plates / and the velocity of the particles v: 


(10.5) 


(<= 


eo lew 


If we now combine Eqs. (10.3), (10.4), and (10.4), we obtain 


51 ee (i 
“ 2mN\v 


But v is given by Eq. (10.2); introducing this relation and rearranging the 
expression gives us 


—m — —_———~ « 


Everything on the right-hand side of this equation can be measured experi- 
mentally, and thus e/m can be found. The currently accepted value for e/m is 
1.76 X 10° coul/gm, or 5.27 x 10'” electrostatic units per gram (esu/gm). 

The significance of e/m for cathode rays became apparent when its value was 
compared with the charge-to-mass ratios of ions, which had been obtained from 
electrolysis experiments. The charge-to-mass ratio of the cathode ray was 
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FIG. 10.2 


over 1000 times larger than that of any ion. Furthermore, while the charge-to- 
mass ratios of various ions were different, e/m for cathode rays was a constant 
independent of the gas used in the discharge tube. These facts led Thomson 
to conclude that cathode rays were not electrified atoms, but corpuscular frag- 
ments of atoms; in our modern terminology, electrons. 





Schematic diagram of Millikan’s apparatus for measuring the fundamental unit of charge. 


Millikan’s Contribution 
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The ultimate demonstration of the particulate nature of electricity came from 
the famous oil-drop experiment of R. A. Millikan. Using the apparatus shown 
in Fig. 10.2, Millikan proved that all electric charges are multiples of one definite 
elementary unit whose value is 1.6 x 107'9 coul or 4.80 x 107!° esu. To per- 
form the experiment, spherical oil drops from the atomizer are led mto the 
observation chamber. There they become charged by a collision with gaseous 
ions produced by the action of radium or x-rays on air. A charged oil drop 1s 
recognized by its response to an electric field, and its motion observed through 
the microscope. When the electric field is zero, the drop is subject only to the 
force of gravity and falls; because of air resistance the drop does not continually 
accelerate, but reaches a coustant velocity given by 


mg gravitation force 
SS ne a, 
Ganr viscous resistance 


where g is the acceleration of gravity, m and r are the mass and radius of the 
drop, and 7 is the viscosity of air. This equation, together with the expression 


density = m/érr’, 


which relates the known density of the oil drop to its mass and its radius, allows 
the calculation of m and r from the measured velocity and density. 
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If the same drop contains an amount of charge qg, and is subjeeted to a field 
Jy, the electrical foree causing an upward motion of the drop is q/. Due to the 
action of gravity, the net foree on the drop is g/ — mg, so its velocity in the 
upward direetion is 


ae ae TG 
Ownr 





Sinee vy’ and // are measurable, and m, g, 7, and r are known, g ean be ealculated. 
Millikan found that g was always an integral multiple of 4.8 « 107!° esu. 
This result shows that electricity is particulate, and the fundamental unit of 
charge is 4.8 X 107'° esu. The assumption that this fundamental unit is equal 
to the charge on the eleetron, together with the measured value of e/m, gives 
9.1 x 107~7° gm for the mass of the eleetron. 

The experiments of Millikan and Thomson have been diseussed in detail, 
for they show how extremely important fundamental quantities can be deter- 
mined hy the use of fairly simple apparatus and the most elementary laws of 
physies. They are, without question, two of the greatest experiments in all 
of physieal seienee. 


10.2 THE STRUCTURE OF THE ATOM 


While the nature of electricity was being established, scientists began to formu- 
late a detailed pieture of the atom. It was not difficult to estimate the atomie 
size, for the molar volume of a solid expressed in em?/mole, divided by Avo- 
gadro’s number, gives the atomic volume as roughly 107~°4 cm®. Taking the 
eube root of the volume shows that the charaeteristic size of an atom is approxi- 
mately 107% cm. But Thomson’s experiments demonstrated that small as an 
atom was, it eontained even smaller partieles of negative clectricity. Since 
atoms were ordinarily clectrieally neutral, it was clear they must also contain 
positive eleetricity. l’-urthermore, sinee electrons were so light, it seemed proper 
to associate most of the mass of an atom with its positive electricity. If the 
positive electricity contained most of the atomie mass, it was reasonable that 
it should oeeupy most of the atomic volume. Consequently, Thomson proposed 
that an atom was a uniform sphere of positive eleetricity of about 107°-em 
radius, with the eleetrons embedded in this sphere in a way which would give 
the most stable eleetrostatie arrangement. Thomson tried to relate the relative 
stabilities of various numbers of charges in the atom to the periodic chemieal 
properties of the elements, and even developed a theory of chemical bonding. 
Appealing as this simple mode] was, and despite its oceasional suceesses, it had 
to be abandoned in 1911, when IX. R. Rutherford showed that it was eormpletely 
inconsistent with his observations of the scattering of a-particles by thin metal 
foils. 
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The Rutherford Scattering Experiment 


FIG, 10.3 
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The a-particle scattering experiment, perhaps the most influential single experi- 
ment used in the development of the theory of atomic structure, is shown 
schematically in Fig. 10.3. A narrow parallel beam of a-particles impinges on a 
thin metal foil (10* atoms thick), and the angular distribution of the scattered 
particles is obtained by counting the scintillations, or light flashes, produced on 
a zine sulfide screen. The significant qualitative result of the experiment is that 
while most of the a-particles pass through the foil either undeflected or deflected 
by only small angles, a few particles are scattered at large angles, up to 180°. 
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oO 
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Schematic diagram of Rutherford's a-particle scattering experiment. The region tra- 
versed by a-particles is evacuated. 


At the time the experiment was first performed, Rutherford knew that 
a-particles were doubly ionized helium atoms with an atomic mass of 4; more- 
over, their velocities had been measured by the method of magnetic deflection 
discussed earlier. Consequently, Rutherford knew that the kinetic energy of 
the a-particles was very large, and he realized that in order to produce a large 
deflection of such an energetic particle, the atom must be the seat of an enormous 
electrical force. It was also clear that this force had to be exerted by a body of 
considerable mass, for a light body such as the electron would be swept aside 
by the heavier a-particle. Finally, the fact that only a few a-particles received 
large deflections suggested that the large electrical force was confined to very 
small regions of space which were missed by most of the a-particles. In other 
words, instead of being a sphere of uniform mass and charge density as Thomson 
had proposed, the atom was highly nonuniform. While the electrons might 
occupy the volume associated with the ~1078-em dimension of the atom, the 
positive electricity had to be concentrated in a tiny but weighty “nucleus.” 

By assuming that the force between the nucleus and the a-particle was given 
by Coulomb’s law, Rutherford showed that the trajectory of the a-particle 
deflected by an atom should be a hyperbola. As shown by Fig. 10.4, the deflec- 
tion angle @, which is the external angle between the asymptotes of the hyperbola, 
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depends on the aiming error, or impact parameter b. The mathematical analysis 
shows that 
2 
2Ze 


tan +6 —= 5 
: mv2b 


where z and Z are the atomic numbers* of the a-particles and the nucleus, e is 
the magnitude of the electronic charge, and m and v are the mass and velocity 
of the a-particle. Thus we see that when b = 0, 6 = 180°, which is just what 
we expect for a head-on collision. In a given scattering experiment, z, Z, m, 
and v are constants, and since a relatively wide beam of a-particles is used, all 
values of b occur, and scattering is seen at all angles. 


z€ 





Trajectory of an a-particle passing near a nucleus of charge Ze. The a-particle has veloc- FIG. 10.4 
ity v, mass m, charge ze, and impact parameter or aiming error b. 


a-particle 
beam 


TIT 





The probability of an a-particle passing between b and b + db is proportional to the area FIG. 10.5 
of the ring, 27b db. 


As shown in Fig. 10.5, the probability that the impact parameter b will lie in 
the range b, b -+ db is proportional to the area of a ring of radius b and width db. 
This area is equal to 27b db, the product of the circumference of the ring, 27, 
and its width, db. The area increases as b increases, and consequently large 





* The atomic number is the number of fundamental units (4.8 X 10719 esu) of positive 
charge on the nucleus. 
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values of 6 are more probable than small values. Thus most of the scattering 
will be in the forward direction (b large, @ small), and few particles will be 
deflected through large angles. This is just a sophisticated way of saying that 
there are more ways of missing a small target than of hitting it. 

By using the probability of the various values of b, Rutherford deduced that 
the fraction, f(@), of the initial e-particles scattered through an angle @ 1s given by 


2\2 
zZe } sin 6 (10.6) 


f(@) = 27ip (ee sin? (6/2) 
where ¢ is the thickness of the foil and p is its density expressed in atoms/cm’. 
This expression for the angular distribution of particles is valid only af the force 
between the nucleus and a-particles is given by Coulomb’s law. Geiger and Marsden, 
working in Rutherford’s laboratory, showed that the experimental distribution 
of scattered particles followed Eq. (10.6) within experimental error. Further- 
more, the quantity (zZe*/2mv") could be evaluated from the experiments, and 
since Zz, e, m, and v were known, the atomic number Z of the scattering nucleus 
could be evaluated. For the gold nucleus, Rutherford calculated Z to be 
100 + 20; this is a reasonable approximation to 79, which we know is the cor- 
rect value. Thus the e-particle scattering experiment was one of the first ways 
of estimating the atomic number of an atom, and as the experiment was refined, 
it became possible to measure Z exactly. 

We have pointed out that the nucleus is small compared with 107° em, but 
just how small is it? The scattering experiment can tell us. When an a-particle 
is deflected through 180°, it has made a head-on collision with a nucleus. In 
such a collision the a-particle approaches the nucleus until the Coulomb poten- 
tial energy of repulsion, zZe*/r, becomes equal to its initial kinetic energy, smy~ 
Thus the equation 
o>: eZee 


Tmin 





1 
5 Nv 


allows us to calculate rin, the distance of closest approach, if all other factors 
are known. 
For a-particles obtained from the disintegration of radium, 


v= 1.6 X 10° cm/sec, 
e= 4.8 x 107!° esu, 
7 — 6.68 < 10>°* om, 


and if the scattering nucleus is copper, 


L225. 
Thus 
a eZee - Pee) Sats C10)" 
me (1/2)mv2 (1 /2)(6.68 & 10-24) x (1.6 X 109)2 
= 1.6 x 1071? em. 
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Since particles can come to within nearly 107'* em of the nucleus and still 
be scattered according to Coulomb’s law, the nucleus itself must be smaller 
than 107'*cm. Other experiments with faster a-particles and lighter nuclei 
(Z smaller, rmin smaller) show that the Coulomb scattering law is not obeyed if 
the a-particles come closer to the nucleus than about 0.8 x 107!* em; this 
does indeed imply that the positive charge on the nucleus occupies a sphere of 

/ approximately 107’? em radius. Thus the a-particle scattering experiment not 
only provided a qualitative indication of the existence of the nucleus, but also 
produced quantitative measurement of the nuclear charge and size. 


10.3 ORIGINS OF THE QUANTUM THEORY 


There was a serious difficulty with Rutherford’s model of the atom: According 
to all the principles of physics known in 1911, the nuclear atom should have 
been unstable. If the electrons were stationary, there was nothing to keep them 
from being drawn into the nucleus; if they were in circular motion, the well- 
documented laws of electromagnetics predicted that the atom should radiate 
hight until all electronic motion ceased. Only two years after Rutherford’s 
proposal, Niels Bohr attempted to resolve this apparent paradox by analyzing 
atomic structure in terms of the quantum theory of energy which had been 
advanced by Max Planck in 1900. Before discussing Bohr’s ideas about the 
behavior of electrons in atoms, let us examine the experiments which led to the 
development of the principles which Bohr used. 


Classical Theory of Radiation 


Before 1900, it was generally accepted that light was electromagnetic wave 
motion. That is, all experiments with light could be understood if it was pic- 
tured as oscillating clectric and magnetic fields which were propagated through 
space. In Section 3.3 we discussed the electromagnetic wave theory and one of 
its most successful applications, the diffraction of x-rays. For our purposes now 
we need to call attention to only one more feature of classical radiation theory. 
According to electromagnetic theory, the energy contained in, or carried by, 
an electromagnetic wave is proportional to the squares of the maximum ampll- 
tudes of the electric and magnetic waves: 


energy « (Bax + Hinax) « light intensity. 


The important feature of this equation is that the energy of a wave depends 
only on its amplitude, and not on its frequency or wavelength. 

The electromagnetic wave theory was eminently successful in explaining 
optical phenomena such as diffraction and scattering, which occur when waves 
cucounter particles whose size is roughly the same as the wavelength. Yet 
despite many reassuring successes, the classical wave theory of light could not 
explain the nature of the radiation from a heated solid body. Experiments 
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demonstrated that this radiation was distributed at different frequeneies accord- 
ing to the eurves shown in Fig. 10.6. As the temperature of the radiating body 
is increased, the frequency at which most of the light is emitted beeomes higher. 
This eorresponds to the body passing through the stages of red, yellow, and 
white heat as its temperature is raised. The distribution of radiated frequencies 
predieted by the wave theory is shown by the dashed line in Fig. 10.6, and it 
obviously disagrees with the experimental findings. 
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The relative intensity of radiation from a 
heated solid as a function of frequency or 
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prediction of the classical theory of matter. 0 
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In 1900 Planck resolved this diserepaney, but only by making an extreme 
departure from usual laws of physics. Planek had to assume that a meehanieal 
system cannot have any arbitrary energy, but only eertain selected energy values. 
Let us see how Planek applied this assumption. An electromagnetie wave of 
frequeney v was thought to be radiated from the surfaee of a solid by a group 
of atoms oseillating with the same frequeney. Planek’s assumption was that 
this group of atoms, the oseillator, eould not have an arbitrary energy, but had 
to have an energy € = nhv, where n is a positive integer, v is the oseillator 
frequeney, and fh is a eonstant to be determined.* This expression is known as 


* Subsequently, spectroscopic measurements have shown that without question, the 
energy of a molecular oscillator is quantized. The allowed energy levels are given by 
e = (n+ 4)hy, which is very nearly what Planck assumed. 
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Planck’s quantum hypothesis, since it proposes that a system has discrete bits, 
or quanta, of energy. When such an oscillator radiates it must lose energy; 
thus, if the oscillator is to radiate, m, the quantum number of the oscillator, 
must be greater than zero. How does this explain why the high-frequency 
radiation from a bodv is so feeble? 

Planck assumed that the oscillators were in equilibrium with each other, and 
consequently that their energies were distributed accordmg to the Boltzmann 
distribution law. That is, the relative chance of finding an oscillator with energy 
nhv was given by e—"”” *". Now this expression shows that the chance of finding 
an oscillator of high frequency which has enough energy to radiate (n > 0) 
is very small, since as v increases, e—"”” *? decreases. This explains why there 
is very little radiation at high frequencies: at equilibrium, the high-frequency 
oscillators rarely possess the minimum energy, hv, which they need in order to 
radiate. Hence the assumption that the energy of an oscillator cannot have 
continuous values leads to excellent agreement between theory and experiment. 
It should also be noted that the Planck quantum hypothesis was used by 
Einstein to explain the temperature dependence of the heat capacities of solids, 
as we discussed in Section 3.5. The success of the Einstein theory also substan- 
tiates the idea of quantized energy levels for oscillators. 

The existence of separated energy “levels” is a concept that is difficult to 
accept, for it 1s contrary to all ordinary experience with macroscopic physical 
systems. Therefore, it is not surprising that scientists, including Planck, were 
initially suspicious of the quantum hypothesis. It had been designed to explain 
radiation from heated bodies; it could not be accepted as a general principle 
until it had been tested by other applications. One consequence of the quantum 
hypothesis which was tested almost immediately concerned the nature of light. 
If an oscillator could radiate only by a discrete act in which its energy changed 
from nhy to (n — l)hv, then was it not reasonable that the hght itself was 
composed of discrete entities of energy hv? This idea found application and 
support in Einstein’s explanation of the photoelectric effect. 


The Photoelectric Effect 


By 1902 it was known that light impinging on a clean metallic surface in vacuum 
caused the surface to emit electrons. The existence of this photoelectric effect 
was not surprising; it was to be expected from the classical theory of light that 
the energy of the electromagnetic wave could be used to eject an electron from 
the metal. However, the wave picture of light was completely meapable of 
explaining the details of the experiment. In the first place, no electrons were 
emitted unless the frequency of the light was greater than some critical value vo, 
as shown in Fig. 10.7(a). Second, the electrons emitted had kinetic energies 
which increased as the frequency of the light increased, as shown in Fig. 10.7(b). 
Finally, increasing the light intensity did not change the energy of the electrons, 
but did increase the number emitted per unit time. According to the wave 
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theory the energy of light is independent of its frequency; hence the wave theory 
could explain neither the frequency dependence of the kinetic energy nor the 
existence of a photoelectric threshold frequency, vo. Furthermore, the wave 
theory predicted that the energy of the electrons should increase as the light 
intensity increased, and this was in conflict with the experimental results. 
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The photoelectric effect: (a) emitted current as a function of frequency; (b) maximum 
kinetic energy of electrons as a function of frequency. 


In 1905, Emstein pointed out that the photoelectric effect could be explamed 
if light consisted of discrete particles or photons of energy hv. He proposed 
that a photon of frequency v and energy hv impinges on the metallic surface 
and gives up its energy to an electron. A certain amount, e, of this energy is 
used to overcome the attractive forces between the electron and the metal; 
the rest is available to the ejected electron and appears as kinetic energy, 4mv’. 


The law of conservation of energy yields 
hv = e+ 4mv*. 


f 
It is clear that € represents a mintmum energy that the photon must have to 
eject the electron. If we express € in terms of a frequency, that is 1f we write 
€ = hvo, then our equation becomes 


ty 
hy = hvg + mv’, 


) 
sv = hve— hyo. 


Thus, rf the energy of the ejected electrons is plotted as a function of frequency, 
there should result a straight line whose slope is equal to Planck’s constant h, 
and whose intercept is hyp. We have already seen in Fig. 10.7(b) that this 1s 
indeed found. The additional fact that the number of photoelectrons increases 
with the intensity of light indicates that we should associate light intensity with 
the number of photons arriving at a point per unit time. 
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The success of the photon theory was impressive, but by no means did it 
clarify the nature of radiation. Is light really composed of particles or of waves? 
There is support for both pictures. We will reserve a discussion of this problem 
until later; for the moment we need only note that by 1905 the association 
between energy and frequency of radiation was clear, and this, together with 
Rutherford’s picture of the atom, allowed Niels Bohr to propose in 1913 a 
detailed model of the behavior of electrons in atoms. 


The Bohr Atom 


The work of Bohr was the first application of the quantum hypothesis to atomic 
structure Which was in any way successful. Bear in mind, however, that Bohr’s 
theory was incorrect; 1t was abandoned after twelve years in favor of our present 
quantum theory of atomic structure. Nevertheless, there was enough substance 
in Bohr’s ideas to enable him to explain why only certain frequencies of hight 
were radiated by atoms, and in some cases to predict the values of these fre- 
quencies. I'urthermore, Bohr’s proposals greatly helped Moseley to understand 
his measurements of the frequencies of emitted x-rays and to use them to deter- 
mine atomic numbers. Thus, although it was eventually abandoned, this 
early theory was an important step in the understanding of atomic structure. 
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Schematic diagram of the essential elements of a spectrograph and light source. 


The first success of the Bohr theory was in explaining the light emission or 
spectra of atoms. An apparatus for the measurement of atomic spectra is shown 
in Fig. 10.8. The hght source is an electrical discharge through the gas to be 
mvestigated. In the case of hydrogen, the bombardment of the hydrogen 
molecules with electrons results in the production of hydrogen atoms. Some of 
these atoms acquire exccss internal energy which they radiate as visible, ultra- 
violet, and infrared light. The light from the discharge tube passes through a 
sit and a prism which disperses the radiation into its various frequencies. 
These appear as lines (images of the slit) at different positions on the photo- 
graphic plate. Such devices, called spectrographs, were available after 1859, 
and by 1885 Balmer recognized that the frequencies emitted by the hydrogen 
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atom eould be expressed by the formula 


i (3 = +) x 3.29 x 10'° eyeles/see, 
4 (i 

where 7 is an integer greater than or equal to three. The simplicity of this for- 
mula was intriguing, and other empirieal relations among the frequenetes 
emitted by other atoms were sought, but none were found that involved integers 
in such a simple way. 

Bohr developed a model of the hydrogen atom whieh allowed him to expla 
why the frequeneies emitted obeyed sueh a simple law. His reasoning involved 
the following postulates: 


1. The eleetron in an atom has only eertain definite stationary states of motion 
allowed to it; each of these stationary states has a definite, fixed energy. 


2. When an atom is in one of these states it does not radiate; but when ehanging 
from a high-energy state to a state of lower energy the atom emits a quantum 
of radiation whose energy hv is equal to the differenee in the energy of the 
two states. 


3. In any of these states the electron moves in a eireular orbit about the nueleus. 


4. The states of allowed eleetronie motion are those in whieh the angular momen- 
tum of the eleetron is an integral multiple of h/27. 


Of these four postulates, the first two are eorreet and are retained in the 
modern quantum theory. The fourth postulate is partially correct; the angular 
momentum of an eleetron is fixed, but not in quite the way Bohr proposed. 
The third postulate is entirely eorreet, and does not appear in modern quantum 
theory. 

The derivation of the expression giving the energies of the allowed states of 
an atom is very simple. First, mechanteal stability of the eleetron orbit requires 
that the Coulomb foree between the eleetron and nueleus be balaneed by the 
eentrifugal foree due to the ecireular motion: 


Coulomb foree = eentrifugal foree 


Vi Se mv" 

Pe r 
Here m and v are the mass and veloeity of the eleetron, Z is the number of units 
of elementary eharge e on the atomie nueleus, and r is the eleetron-nueleus 


separation. Caneeling one power of r gives us 


2 
ae = mv. (10.7) 


Bohr’s postulate for the angular momentum, mur, was 


ny (eo = (10.8) 


- ) 
ae | 
Zi 
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where A is Planck’s constant, 6.626 x 1077’ erg-sec. That is, the angular 
momentum had to be an integral multiple of h/27. Eliminating v between 
Eqs. (10.7) and (10.8) gives 

n*h? 


r 
It would appear from this that only certain orbits whose radii are given by 
Eq. (10.9) are allowed to the electron. 
Now let us consider the total energy # of the electron, which is the sum of 
the kinetic energy, mv*/2, and potential energy, —Ze*/r: 
ea 


b= am — r 


But by Eq. (10.7) we can write 


Berime ze ze 
ee ea r Qf 
Substitution for r, using Eq. (10.9), gives us 
Q9*mZ*e* 
Daa, at ele 2 See 


This expression shows that the consequence of the postulates is that only 
certain energies are allowed to the atom. Figure 10.9 indicates how these 
energies depend on 7 for the simplest case of the hydrogen atom (Z = 1). 


kcal/mole ergs/molecule 
be 0 0 
4 
: —19.6 — 1.36 10-!2 
— 34.8 —2.41 «10-12 
2 
—78.4 — 5.42 10712 
E | 
An energy-level diagram for the hydrogen FIG. 10.9 
\ atom. The spacing between energy levels is 
2 319°5 7 10-12 not drawn to scale. 


The energies are negative only because the energy of the electron in the atom 
is less than the energy of a free electron, which is taken as zero. The lowest 
energy level of the atom corresponds to n = 1, and as the quantum number 
increases, I’ becomes less negative. When n = ~, & = 0, which corresponds 
to an ionized atom: the electron and nucleus are infinitely separated, and at rest. 
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FIG. 10.10 


According to Bohr’s second postulate, the energy of any photon radiated by 
the atom should be equal to the difference in the energy of two levels. To 
ensure that the energy of the photon is positive, we take the absolute value of 
the energy difference and write 

2,724 
1p reas (4 = +) ny So 
np NG 
or 


If ny is set equal to 2, and the constant term evaluated, this expression is in 
numerical agreement with the formula which Balmer had found from the experi- 
mental hydrogen-atom spectrum. In other words, the Bohr expression was 
in agreement with the known experimental spectrum of the hydrogen atom. 


N= oO 
ia a 
T_T 

o i 

a 


Some of the predicted transitions between energy states of the hydrogen atom. 


Furthermore, if n;, the quantum number of the final state, is set equal to 1, 
Bohr’s formula predicts a set of spectral lines for which n; > 2, ny = 1. Simi- 
larly, if ny = 3, there should be a series of lines for which n; > 4. These 
predicted transitions between states of different m are shown in lig. 10.10, and 
subsequent to Bohr’s work, all the predicted spectral lines have been found at 
the expected frequencies. J'urther application of Bohr’s formula was made to 
other one-electron atoms, such as He* and Lit*. In each case of this kind, 


Bohr’s prediction of the spectrum was correct. 


X-ray Spectra and Atomic Number 
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The visible spectra of atoms arise from changes in the energy of the most 
weakly bound atomic electrons. However, under conditions of extreme electrical 
excitation, atoms can emit x-rays, high-energy radiations which result from 
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energy changes of the electrons elosest to the nueleus. Even though Bohr’s 
theory was designed to explain the visible speetra duc to the outer, or “valence,” 
electrons, 1t was of great help m the first interpretations of x-ray spectra. 


Ionization 
chamber 


\ 








X-ray tube 






X-ray beam Crystal 


ae: = 
yy \ 


Scale 





schematic diagram of a spectrograph for measuring the wavelengths of x-rays emitted 
from the anode of an x-ray tube. 


Figure 10.11 shows a simplified x-ray spectrograph. When a metallic anode 
is bombarded with eleetrons of very high velocity, x-rays whieh are characteristic 
of the anode matcrial are emittcd. As explained mn Chapter 3, the wavelength 
of an x-ray can be found by measuring the angle @ through whieh the x-ray is 
diffraeted by a crystal of known interatomie spacing d, and then using the 
Bragg law equation, nX = 2dsin 6. By cmploying various clements as his 
anode, Moseley observed in 1912 that each element emitted a different charae- 
tcristie x-ray spectrum, and that the frequencics emitted mercascd regularly as 
the atomic weight mereased. Using the Rutherford-Bohr model of the atom as 
a guide, Moseley realized that the x-ray frequency should be characteristic of 
the charge on the nucleus of the cmittmmg atom. Aecordingly, he found that he 
could fit all his observed frequencies by an empirical formula of the form 


y= c(Z — bd)’, 


where c and b were universal constants, valid for all clements, and Z was an 
integer whose value increased regularly by one unit for successive elements, 
taken m the order in whieh they appcared in the periodic table. Moseley then 
correctly concluded that the Z in his empirieal formula was the atomic numbcr, 
or the charge on the nucleus of the emitter. According to the theory of Bohr, 
the frequency emitted by a one-electron atom should be proportional to Z?, 
the square of the eharge on the nucleus, as Eq. 10.10 shows. Moscley suggested 
that the reason the x-ray frequencies were proportional to (Z — b)* and not Z? 
was that the clectrons in the atom tended to shield one another from the nucleus. 
Thus, so far as any single electron was coneerned, the cffective nuclear eharge 
is not Z, but Z — b. This interpretation is quite in aecord with our present 
ideas of the origin of x-ray spectra and the behavior of electrons in atoms. 
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If entered in the periodie table strietly in order of their atomic weights, the 
elements Ni-Co, Ar-Ix, and Te-I appear in an order ineonsistent with their 
ehemical properties. Moseley found that when the clements are arranged in 
the order of their atomic numbers, these discrepaneies are removed. In short, 
he showed that nuelear charge, and not nuclear mass, 1s most fundamental to 
chemieal properties. 


10.4 QUANTUM MECHANICS 


It may seem surprising that the Bohr theory, mitially so suecessful, had to 
be abandoned after only twelve years. Yet despite its successes a theory must 
be refined or rejeeted if it eannot expla all the relevant experimental facts. 
Even after the most searehing refinements, the Bohr theory could not explain 
the details of the spectra of atoms with many electrons, nor could it provide a 
satisfaetory picture of ehemieal bonding. These and other failures made it elear 
that Bohr’s ideas eould only be steppingstones or approximations to a univer- 
sally applheable atomic theory. 

There were two partieularly objeetionable features of theoretieal physies mn 
the early 1920’s. One was the confliet between the wave and photon models of 
light. The other was that the idea of quantized encrgy had to be zmposed on 
Newtonian meehanics, almost as an afterthought. It seemed necessary to set 
up a new meehanics whieh would relicve the wave-partiele eonfliet, and whieh 
would introduee quantized energy as a consequence of some more basic prinerple. 


Wave-Particle Duality 
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The first step in the development of the new quantum mcehanies was taken by 
Louis de Broglie in 1924. His reasoning was somewhat as follows: Elcetro- 
magnetic radiation had been thought of as a wave phenomenon for some time, 
yet the work of Einstein had shown that in eertain experiments these “waves” 
had the properties of particles, or photons. Could the eonverse be truce? Would 
things ordinarily called particles show the propertics of waves In some experi- 
ments? The phenomena associated with wave behavior are diffraction and 
interference, and as we have mentioned, the appearanee of these effects depends 
on how the length of a wave compares with the dimensions of the objeet it 
strikes. The task was to estimate the wavelength of the waves associated with 
partieles. Starting with the Einstein relation between the encrgy and frequeney 
of a photon, de Broglie wrote 


ee 
aah, 
he/ Nea E. (10.11) 
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From the theory of relativity he drew a relation between the momentum of 
light p, its velocity c, and its energy, & = cp. Combining this with Eq. (10.11) 
gives 

= op: (10.12) 


which we can interpret as the relation between the momentum of a photon and 
its wavelength. De Broglie suggested that this equation could be used to calcu- 
iate the wavelength associated with any particle whose momentum was p = mv. 

Table 10.1 gives the results of calculations using Eq. (10.12). The greater 
the mass and velocity of the particle, the shorter is its wavelength. The wave- 
length associated with any macroscopic particle is smaller than the dimensions 
of any physical system; thus diffraction or any other wave phenomena can 
never be observed with baseballs or even dust particles. On the other hand, 
electrons and even atoms can have such small momenta that their wavelengths 
are of the same dimension as the interatomic spacing in erystals. Therefore, 
when a beam of electrons impinges on a crystal, diffraction should be observed, 
as indeed it was, first in 1927, three years after de Broglie had advanced his 
ideas. 


Table 10.1 Wavelengths of particles 


Tee Mass Velocity Wavelength 
(gm) (cm/sec) (A) 
Electron at 300°K 9.1 x 10-78 lee Slo 61 
1-volt electron 91x10°78 59x 10° 12.3 
100-volt electron 9.110728 5.9x 108 12 
He atom at 300°K 6.6 x 107-24 1.4 x 10° 0.72 


Xe atom at 300°K 22% 1052-24 5010+ 0.12 


Instead of relieving the wave-particle conflict, de Broglie’s proposal seemed 
to deepen the problem. Yet it was a progressive step, for the generalization of 
de Broglie’s ideas produced a totally successful quantum mechanics. Today 
the almost universally accepted interpretation of the wave-particle conflict is 
that it is not really a conflict at all. In speaking of the behavior of atomic 
systems, we use the words of a language designed to describe the macroscopic 
world, and we have no right to suppose that only one of these words, wave or 
particle, will always characterize all properties of things which are not part of 
our macroscopic world. Therefore, we just accept the fact that whatever elec- 
trons and photons are, they have a dual nature; in some experiments their 
wave properties will be most obvious, and in others they will behave like 
particles. 
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The Uncertainty Principle 
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The terms position aud velocity are used to deseribe the behavior of macro- 
scopie particles. Is there any restnetion to ther appheation to subatomic 
“particles” which have wave properties? To see that there is, Iet us consider 
the problem of determining the position of an electron. If we use light to locate 
the cleetron, the general principles of opties tell us that we cannot resolve or locate 
the eleetron much more accurately than +A, the wavelength of light used. 
Naturally we would try to make \ as small as possible, and so in prmeiple locate 
the electron to any required degree of aceuracy. But can we determine the 
momentum of the clectron at the same tune as we determine tts position? The 
answer is no, for m determining the position of the electron we inevitably 
change its momentum by an unknown amount. To understand that this 1s so, 
we necd only recognize that in order to locate an electron with a photon, there 
must be a collision between the two. A photon of wavelength A has a momentum 
p = h/X, and in the cleetron-photon collision, some unknown fraction of the 
momentum of the photon will be transferred to the electron. Thus the result 
of locating the eleetron to withm a distance Ax = +A 1s to produce an uncer- 
tainty in rts momentum which js roughly Ap = h/d. The product of these two 
uncertaintics 1s 


Ap Ar od = h, Uo) 
This is a erude derivation of Heisenberg’s Uncertainty Principle, whieh states 
that there is a hmit to the precision to which the position and momentum of a 
particle may be determined s¢multaneously. A more involved argument gives 
the precise form of the Unecrtainty Prineiple as Ap Ax > h/47. 

A simultancous and exact determination of position and momentum 1s Just 
what 1s required to describe a trajectory, and thus the Uncertainty Principle 
tells us that there ts a limit to the accuracy with which a particle trajcctory can 
be known. Let us sec how much the Uncertainty Principle allows us to say 
about the trajectories of electrons in atoms. In order to have a good idea where 
the electron is, we might wish to locate it to within 0.05 A, or 5 X 107!° em. 
According to the Uneertainty Prinetple, any such measuremcut of the electron 
position would have associated with it an uncertainty in momentum given by 


} ol - 
Ap = ae a Set ~1x 10 ae gm-cm/sec. 
Since the mass of an electron is 9 X 10778 gm, the uncertainty in the electron 
velocity is 
moo 1x10. 


Beatle ieee Geese. S19 
a= =o 10228 = 10° cm/sce. 


According to this crude calculation, the uncertainty in the electron velocity 
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would be nearly as large as the velocity of light, or as great as or even greater 
than what we might expect the actual electron velocity to be. In short, we 
have to say that the electron velocity is so uncertain that no possibility of 
specifying a trajectory exists. Here we find another failure of the Bohr theory. 
Its sharply defined electron trajectories can have no real meaning, for in view 
of the Uncertainty Principle, their existence can never be demonstrated 
experimentally. 


The Schrodinger Equation 


The de Broglie wave relation is the basis for predicting the behavior of freely 
moving particles. Shortly after it was proposed, Erwin Schrédinger demon- 
strated that the de Broglie expression could be generalized so as to apply to 
bound particles such as electrons in atoms. The heart of Schrédinger’s theory 
is that the allowed energies of physical systems can be found by solving an 
equation which so resembles the equations of classical wave theory that it is 
called the wave equation. lor the motion of one particle in one (the x) direc- 
tion, the Schrédinger wave equation is 


he d*y 


Si1e2m dx? 





Vy = By, (10.14) 


The “knowns” in this equation are m, the mass of the particle, and V, its 
potential energy expressed as a function of z. The “unknowns” to be found by 
solving the equation are /, the quantized or allowed energies of the particle, 
and y, which is called the wave function. The quantity d*¥/dz” represents the 
rate of change of dy/dz, the rate of change of y. When this equation is applied 
to real systems such as the hydrogen atom, it 1s found that 1t cannot be solved 
unless / takes on certain values which are related by integers. Thus quantized 
energy and quantum numbers are an automatic consequence of the Schrédinger 
theory, and do not have to be tacked on to Newtonian mechanics as was done 
by Bohr. 

What is y? By itself, it has no physical meaning. However, the square of the 
absolute value of y, |¥|*, does have an important physical interpretation. It is 
a mathematical expression of how the probability of finding a particle varies 
from place to place. Thus the exact trajectories of Newtonian mechanics and 
the Bohr theory do not appear in the results of the Schrdédinger quantum 
mechanics; this, according to the Uncertainty Principle, is as it should be. 


The Particle tn a Box 


As an example of the quantum mechanical description of matter, we shall solve 
the simplest of problems, the motion of a particle confined by impenetrable 
walls—the so-called particle in a box. This example will allow us to examine 
the properties of a simple wave function, and to see how quantized energies 
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come about. In addition, the results will help us to understand qualitatively 
many types of more complicated quantum-mechanical problems. 

A particle in any real box moves in three dimensions. To analyze the 
mechanics of its motion, however, it 1s often sufficient to deal only with one 
dimension (say the x-coordinate), smce motion in the other directions is in 
principle no different. We consider then, a particle of mass m moving with a 
positive total energy / along the x-coordinate. There is an impenetrable wall 
at x = 0, and another atx = L. For0 < x < L, the potential energy is zero, 
and outside these limits it is taken to be infinite, due to the presence of the 
impenetrable walls. 

Starting with the one-dimensional Schrédinger equation, and letting the 
symbol # stand for h/27, we have 

2 32 
a Oe 4 Vy = By. 


2m dx2 


We note that since V is zero for 0 < x < L, for this region we can write 


d*y -e 2m 
dx2 2 





(10.15) 


From the qualitative features of this equation we can get a picture of what our 
wave function y will look like. The second derivative d*y/dx? is the curvature 
of the wave function. Equation (10.15) says, therefore, that since m, /, and h 
are positive quantities, whencver y is positive, its curvature is negative, or y 
is concave downward. Similarly, whenever y is negative, its curvature 1s posi- 
tive, and y is concave upward. Whenever y is zero, its curvature 1s zero. 

If we attempt to sketch a function y which has these curvature properties, 
we find that it begins to look like a wave. There are many functions that have 
this general appearance, and the simplest of them, the sine function, is in fact 
the solution of the Schrédinger equation for the particle in the box. To verify 
this, we assume y is equal to A sin bx, where A and 6 are constants. Then we 
differentiate twice: 


vy Asin ba, 
== eels ie 
2 
as = eae 
d*y 2 
7 ana 


We see that this last equation has exactly the same form as Eq. (10.15), and 
would be identical to it if b? were equal to 2m//h?. Thus the function that 


satisfies Eq. (10.15) is 
a\ 1/2 
ye — A sith (2x) as (10.16) 
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Up to this pomt we have not made any use of the fact that the walls are 
actually located at x = 0 and z = L. Thus the wave function we have found 
applies to a free particle, and not yet to one confined to a box. Note that 
the energy /’ of this free particle may be any positive value we please. That is, 
there is not yet any sign of quantized energies, or energy levels. This is an 
unportant observation, since it 1s part of a demonstration that quantized 
energy levels occur only when we covifine a particle by potential energy barriers, 
or When we make its motion perzodic in some manner. 

We now consider the consequences of the walls of the box. If the walls are 
impenetrable, and if the square of the wave function represents the probability 
of finding a particle at a point, then it 1s reasonable to suppose that the wave 
function vanishes at the walls. More precisely, the wave function vanishes 
within the walls, and a general property that y is a continuous function then 
requires that Y vanish at the walls. We have then the conditions 


vWx=0=0, Ya@=L)=0 


to impose on our free-particle wave function. These two requirements are 
called the boundary conditions for the problem. 

The first boundary condition, ¥(0) = 0 is satisfied automatically, since 
setting zx = 0 in Eq. (10.16) gives y = 0 = sin (0). The second boundary 
condition can be satisfied only if & has certain values. We can deduce these 
values by noting that sin n7 = O, where 7 1s an integer. Thus if #£ is such that 


9m R\ 2 
(224) a je lees ae 





hi2 


the second boundary condition will be satisfied. Calling the values of FE that 
satisfy this relation /’,, we square and transpose to get 


nh? 


ae a ae She (10.17) 


These are the allowed or quantized values of the energy. The corresponding 
wave functions are 


ey P ti2 
Yn = A sin (2222) v (10.18a) 
or 
1 —eiesin — (10.18b) 


It is of interest to note that the quantized energy levels can be obtamed by 
asserting that our wave function must have the form of a standing wave 
between « = 0 and z = L. A standing wave has zero amplitude at the walls, 
and in order for this to be true, the distance LZ must be an integral multiple of 
half tle wave length: 


L=", 2 Seo ee 
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We now use the de Broglie relation \ = A/p, where p is the momentum mv: 





I nh on nh 
— —_ 2? eee 
2 mv 21 
2 2,2 2 
1 one (mv) 1 neh nh? 
— myo = ———— =  ——- | — Sd] L Eh . 
Ds 2m 2m \ 4b? SmL? 


Since all the energy is kinetic, 2, = dmv” and 


2 
nh 


8mL2’ 


P 
Jy 


which is the correct expression for the allowed energy levels. Also, the mathe- 
matical representation of a standing wave of amplitude A between a = O and 
Tals 

Pee sic) = 
which is the correet wave function. Only in the simple cases where the potential 
energy is constant can the allowed energy levels and wave functions be deduced 
from the de Broglie relation. 

Our wave function still contams the undetermined constant A. We can 
evaluate A by using the fact that ¥2(x) dx is the probability of findmg the 
particle in state » in an interval dx at xz. Therefore the sum (integral) of all 
such probabilities from z = 0 to x = L must equal 1, since it represents the 
probability of finding the particle anywhere between 0 and L. Thus we must 
have 





L 
| 2 dx=1 (10.19) 
0 


if Y, is to be a proper wave function. We can force this to be true by adjusting 
the value of the constant A in our wave function. That 1s, we substitute 
Iq. (10.18b) for y, to get 


L 
9 ~ NTL -_ 
A [ sin (2 ) ae — an 


The value of the integral 1s L/2, so 


ob _ gees 
hay a=(2) 


This then is the value that A must have if the wave function is to be used to 
calculate a probability of finding a particle. The procedure we have used to 
find A is called normalization, and a wave function that obeys Eq. (10.19) is 
said to be normalized to 1. 
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Our final results for the partiele m a one-dimensronal box are 


2,2 1/2 
n-h 2 NUL 
ent’ Y= (;) sin ( L : 








These energy levels, the wave functions, and their squares are plotted in 


Fig. 10.12. 
Ys 43 
Yo v5 
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(a) (b) 


(a) The wave functions for a particle in a box, and (b) their squares or the probability 
density of the particle as a function of position. The height at which the zero line for each 
state lies is proportional to E,,, the energy of the state. 


There are several properties of the energy levels and wave functions of the 


particle in a box which should be very earefully noted, since they appear 


ly 


qualitatively tn solutions of more complicated problems. 


Quantized energy levels appeared only when we confined the particle with 
the potential barriers. We ean expeet quantized energy levels whenever 
particle motion ts confined or is periodic, as in a rotating molecule. 


. Equation (10.17) shows that the spaemng between energy levels increases as 


the mass of the particle decreases, and as the space to which the particle 1s 
confined decreases. We can expect, in general, that effects of spacing of 
energy levels will be more prominent for systems of small mass eonfined to 
small regions of spaee. This is the qualitative reason why electrons confined 
to atoms have much more widely-spaeed energy levels than atoms moving 
in a large box. It is also the reason why the motion of macroscopic systems 
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Table 10.2 Characteristic masses, lengths, and energy-level spacings 





Characteristic Characteristic Enel aa 
pote mass (gm) length (cm) oa. ae 
(kcal/mole) 
Nucleons in nucleus 10—-*4 105" ~107 
Atom in solid heme® 10-9 ~0.3 
Electron in atom 1072 10-8 ~100 
Atom in a box hor 10 ~1079 





does not show quantum effects. Table 10.2 compares the energy-level spacing 
of several systems and shows how it is correlated with mass and degree of 
confinement. 


3. The wave functions may have regions in which they are positive, and other 
regions in which they are negative.' The sign of the wave function in various 
regions of space will prove to be important in our subsequent discussions of 
chemical bonding. Between the positive and negative regions, the wave 
functions pass through zero. These points are called the nodes of the wave 
function. In general, for wave functions of a given type, the one with the 
greater number of nodes will have the higher energy. The locations of the 
nodes of the electronic wave functions in molecules are very important in 
determining the bonding properties of electrons. 
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A complete theoretical treatment of the hydrogen atom using the Schrédinger 
equation has been accomplished, and the results agree with experimental infor- 
mation in every detail. Besides being an important test of quantum mechanics, 
the theoretical treatment of the hydrogen atom has another importance: the 
information derived from this simplest of all atomic systems is used to discuss 
and predict electron behavior in more complicated atoms and molecules. ‘Thus 
in order to understand the periodicity of atomic properties and the nature of 
chemical bonding, it is necessary to thoroughly understand the behavior of the 
electron in the hydrogen atom. 

In the old quantum theory of Bohr, it was necessary to postulate or assume 
the existence of quantum numbers. This is not so in modern quantum mechanics. 
All we need assume is the much more general principle that the Schrédinger 
equation correctly describes the behavior of any atomic system. When the 
Schrédinger equation is applied to the hydrogen atom, the quantum numbers 
appear as an automatic consequence of the mathematics, Just as was true for 
the particle in a box. For the hydrogen atom, there are four of these quantum 
numbers which specify the allowed energies and general behavior of the atomic 
electron. These are listed on page 423 in decreasing order of importance. 
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1. The Principal Quantum Number n 


This is a number which can assume any positive integral value, excluding only 
zero. As its name implies, it is most important, for its value determines the 
energy of the hydrogen atom (or any other one-electron atom of nuclear 
charge Z) by the formula 
27°*me*Z* 
ee at 10.20 
n*h? ( ) 


where m and e are the electronic mass and charge. Equation (10.20), obtained by 
solution of the Schrédinger equation, is the same expression as Bohr had ob- 
tained earlier from his incorrect postulates. 


2. The Angular-Momentum Quantum Number ! 


As its name implies, the value of / determines the angular momentum of the 
electron, with higher values of / corresponding to greater angular momentum. 
Now, if an electron has angular momentum, it has kinetic energy of angular 
motion, and the amount of this angular kinetic energy is limited by the total 
energy of the electron. Thus it is not surprising that the theory restricts the 
allowed values of / according to the value of n. Theory and experiment both 
show that ! may assume al! integral values from 0 to n — 1 inclusive: that is, 
0O,1,...,n—2,n—1. 


3. The Magnetic Quantum Number m; 


An electron with angular momentum can be thought of as an electric current 
circulating in a loop, and consequently a magnetic field due to this current 1s 
expected and observed. The observed magnetism is determined by the value 
of m;. Since this magnetism has its eventual source in the angular momentum 
of the electron, it is reasonable that the values allowed to m; depend on the 
value of l, the angular-momentum quantum number. Theory and experiment 
both show that m; can assume all integral values between —l and +, including 
zero. That is, m; can equal —l, —!+1,...,0,1,...,/—1,l. 


4. The Spin Quantum Number m, 


Besides the magnetic effect produced by its angular motion, the electron itself 
has an intrinsic magnetic property. A charged particle spinning about its own 
axis also behaves like a small magnet; hence we say that the electron has a spin. 
The quantum number associated with this spin has only two possible values: 


+4 and —3. 
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Since the value of a restriets the possible values of 4, and the value of ¢ in 
turn restricts the allowed values of mz, only certain combmatrons of the quantum 
numbers are possible. For example, let us consider the lowest energy state, or 
ground state, of the hydrogen atom, for which 2 I. Since (1s restricted to 
mteger values between 7 land zero, it has onty one posstble value: ¢ = 0 if 
n I. The value of ¢ determines the allowed values of a,; since only integers 
between +2 and —-f are permitted, only ap O18 posstble 1f d= 0.) Finally, 
irrespective of the three other quantum: numbers, mt, navy be equal to 4-4 or —4. 
Thus we find that there are two ways m which the hydrogen atom cam be in ts 
ground state, and these correspond to the choices of 1, 0, 0, +4 and 1, 0, 90, 

4 for n, d, my, and m,, respectively. 


Table 10.3 Quantum numbers and orbitals 





n | Orbital m m, a ae 
mbinations 

je ls 0 +3,—} 2 

2° 0 2s 0 +4,—} 2 9 

a 0 35 0 a 2 

3 1 3p +1,0,—1 | oe 6; 18 

3) 3d +2,+1,0,—1, —2 i 10} 

4 2 Ad +? +1,0,—1, —2 +4, —} 10 

i 3 Af +3, +2, +1,0,—1,-—2,-—3 +4,-} 14 


' 
l 





Other combinations of the quantun: numbers correspoud to the exerled 
clectronte states of the hydrogen atom. If the electron is exerted to the energy 
corresponding to 2 = 2, its angular-momenutum quantum number may be equal 


either to 72 — |= 1, orton —2—0. If ld = 0, the only allowed value of m, 
is zero, and as before, am, may be +4 or —4. If ¢ = 1, my enn assuine any one 


of the values —1, 0, 1, and for each of these three values m, can be +4 or —4. 
These possibilities are erumerated in Table 10.8, which shows that there are 
eight different ways in which an eleetron in the hydrogen atom can be in the 
n= 2 state. All of these eight combmations of quantum numbers correspond 
to the sume energy. When the cleetron is excited to the 2 = 38 state, ¢ can be 
0, 1, or 2, and accordingly, a greater number of combinations of quantum 
numbers, 18 in all, is allowed. In general, the number of possible combinations 
of quantum mumbers all with the same value of 2 is 2n?. 

Kaeh set of quantum numbers is associated with a different type of electronic 
motion, and now we must sec how the beliavior of eleetrons in atoms 1s described, 
Quantum mechanics provides us with [y[°, a mathematical expression of the 
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probability of finding an electron at al] points in space. Vhis probability func- 
fion 18 the best indication available of how the electron behaves, for as a con- 
sequence Of the Uncertainty Principle, the amount we can know about the 
electron is limited, While quantum mechanics can tell us the exact probability 
of finding an electron at any two particular points, it does not tell us how the 
electron moves from one of these points to the other. Thus the ides of an clec- 
tron orbit is lost; it is replaced with « deseription of where the clectron is most 
likely to be found. This total pieture of the probability of finding an electron 
af various points in space is called an orbital. 

There are various types of orbitals possible, cach corresponding to one of 
the possible combinations of quantum numbers. There orbitals are classified 
according to the values of m and ¢ associated with them. In order to avoid 
confusion over the use of two numbers, the numerical values of bare replaced by 
letters; clectrons in orbitals with f= 0 are called 4-electrons, those ocoupying 
orbitals for which l= | are p-electrons, and those for which de 2 are called 
-clectrons. The numerics] and alphabetiea) correspondences are summarized 
in Table 10.3. Using the alphabetical notation for 4, we would say that in the 
ground state of the hydrogen atom (n= J,l« 0) we have a be-electron, or 
that the electron moves in a be-orhbital, 






The relation of the spherical polar coordinates r, 
, and & to cartesian coordinates sz, y, and z. 


ee ee ee 
=< 





To make the concept of an orbital more meaningful, it is helpful to examine 
the actual solutions of the wave function for the one-clectron atom. Becuuss 
of the spherical syrametry of the atom, the wave functions are most simply 
expressed in terms of 4 spherical polar-coordinate system, shown in Vig, 10.54, 
which has its origin at the nucleus, It is found that the wave functions can be 
expressed as the product of two functions, one of which (the “angular part” X) 
depends only the angles 9 and 4, the other of vhich (the “radial part” /) 
depends only on the distance from the nucleus. Thus we have 


¥(7, 9, b) wm RIr)X(G, db). 
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Table 10.4 Angular and radial parts of hydrogen-atom wave functions. 


Angular part X(@, ¢) 


l 1/2 
xo = (F) 


, sin @cos } 


Ww 


a 


X(pxr) = 


iS 
4 


Radial part Rpi(r) 


ore 
Zz s 
R(1s) = 2 (2) e °!? 
av 


Ey Pad 
MS) =—= (2) (2 — a)e—e/2 
/2 


N 


3 1 3/2 
X(py) = mee sin @ sin @ Rp) = (2) com 
Ar > 6 a 


=) 





1 1/2 1 z 2 , 
X(dz2) = | — sin 8 cos § cos R(3s) = —— {| — (6—6c0+0)e” 
ee (2) a 4 9V3 () 
1/2 3/2 
1 1 Z g{2 
(ey) = | sin 6 cos @ sin Rp) eee (4 — a)ce 
(dy z) (=) Q (3p) Ra (2) ) 
3/ 
1 i 2 2 —a/2 
X(d,2-,2) = | — sin’ A cos 2 R(3d) = 
ae = (22) res) =—_(2) 
15. 1/2 
X(dry) = re sin’ @ sin 2p 
Zr ; h* 
nao | © An2me?2 





This factorization helps us to visualize the wave function, since 1t allows us to 
consider the angular and radial dependences separately. 

Table 10.4 contains the expressions for the angular and radial parts of the 
one-electron-atom wave functions. Note that the angular part of the wave 
function for an s-orbital is always the same, (1/47)!/*, regardless of principal 
quantum number. It is also true that the angular dependence of the p-orbitals 
and of the d-orbitals is independent of principal quantum number. Thus all 
orbitals of a given type (s, p, or d) have the same angular behavior. The table 
shows, however, that the radial part of the wave function depends both on the 
principal quantum number » and on the angular momentum quantum number J. 

To find the wave function for a particular state, we stmply multiply the 
appropriate angular and radial parts together. Thus the wave function for a 
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ls-orbital is 


1 Z ote —Zrja 
y(ls) = Wile (2) € " 


ao 


where @p is the Bohr radius, 0.529 x 107° cm. By squaring this function, we 
obtain an expression which gives the probability of finding the electron in a 
unit volume as a function of r, the distance from the nucleus: 


3 
y (is) = 1 (2) eal ae 


Qo 


From this expression we can see that the probability of finding an electron in a 
ls-orbital 1s independent of the angular coordinates @ and ¢, and decreases 
monotonically as 7 increases. 


J 


¥7(1s) 





1 fe 


(a) (b) 


Representation of the hydrogen 1s-orbital: (a) ¥? as a function of r, and (b) contours of 
constant Y? measured relative to y? at the origin. 


For purposes of qualitative discussion, it is often useful to have a graphical 
representation of an orbital. One possible way to show what an orbital looks 
like is to plot a “cross section” of the probability of finding the electron. That 
is, Wwe imagine starting at the nucleus and proceeding outward along a radius, 
plotting the probability of finding the electron as a function of the distance 
from the nucleus. This type of graph is shown in Fig. 10.14(a) for a hydrogen 
atom in the n = 1, 1! = 0 state. We sce that there is a finite probability of 
finding the electron at any value of r between zero and infinity. This contrasts 
sharply with Bohr’s theory, which pictured the electron as fixed at one radius. 

The “cross-section” representation of the orbital does not tell us how the 
probability of finding the electron depends on the angular coordinates, which, 
along with r, specify the location of a point in space. One way to represent the 
angular properties of an orbital is to plot contour maps of the probability of 
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finding an electron, as shown in J'ig. 10.14(b). The fact that regions of con- 
stant probability are concentric shells shows that for the ground state of the 
hydrogen atom, the orbital has a spherical shape. A somewhat simpler way to 
represcnt the shape of the orbital is to draw a single surface along which the 
probability of finding the electron is a constant; for a hydrogen atom in its 
ground state this surface of constant \y|? is a sphere. 

Now let us examine the radial parts of the 2s- and 3s-orbitals. Apart from 
a constant multiplier, the 2s wave function behaves as 


W(2s) ae (2 a Zr) e oTi2a0 
Qo 


The fact that Zr/2a, appears in the exponential shows that as r increases, the 
2s-function decreases in amplitude more slowly than does the 1s-function, which 
has Zr/do in Its exponential factor. This is one of the reasons that the 2s-electron 
tends to stay farther from the nucleus, and has higher energy than does the 
1s-electron. 

The factor (2 — Zr/aj) in the 2s wave function controls the sign of the 
function. For small values of 7, Zr/ao is smaller than 2, and the wave function 
is positive, but for large values of r, Zr/do is greater than 2, and the function 1s 
negative. At r = 2a)/Z, the pre-exponential factor 1s zero. Since the radial 
function vanishes on the circle of radtus r = 2a9/Z, this is said to be the locus 
of a radial node. 

A similar analysis can be applied to the 3s-function. The exponential factor 
is now e270) which decreases even more slowly with mecreasing 7 than the 
exponential factors for ~(1s) and ¥(2s). Therefore, the 3s-electron ts, on the 
average, farther from the nucleus than a 1s- or 2s-electron. Again, the radial 
nodes for ¥(3s) are found at radii for which the pre-exponential factor vanishes. 
Thus solving the equation (see ¥(3s) in Table 10.4) 


ae OS fick 
= eee =) 
ao g aa 





G6 — 


will give the positions of the radial nodes. Since this ts a quadratic equation 
in r, we expect two solutions, and thus two radial nodes. In general, for an 
ns-orbital, there are n — 1 radial nodes. Notice that the number of nodes 
increases with mcreasing energy, just as was truc for the functions for the 
particle in a box. 

Let us now examine the 2p wave functions in detail. Table 10.4 shows that 
the radial part of ¥(2p) is 


1 
ne —(Z fae (7rfaje °°". 
p) Wa /ao)°'” (Zr/ao) 


Thus the 2p wave function has no nodes at finite values of r.. In contrast to 
the s-functions, which were nonzero at r = 0, the p-functions vanish at r = 0. 
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This difference is tmportant, and is sometimes described by saying that the 
s-electron has a greater ability to penetrate to the nucleus than does the 
p-electron. We shall find that a d-electron has even less ability to penetrate to 
the nucleus. This difference between the s, p, and d-electrons is used to explain 
one of the important features of the energy levels of many-electron atoms, as 
we shall see subsequently. 

In contrast to s-orbitals, the p-orbitals are not spherically symmetric. This 
is most sumply scen by examining the angular part of the 2p,-function. We 
sce from Table 10.4 that Y(2p-.) is proportional to cos 6. Thus it has an angular 
maximum along the positive z-axis, for there @ = 0, and cos (0) = +1, which 
is the maximum value of the cosme. Similarly, along the negative z-axis, the 
pz function has rts most negative value, for there 6 = 7, and cos (7) = —1, 
the most negative value of the cosine. The fact that the angular part has its 
maximum magnitude along the z-axis is responsible for the designation p, for 
the function. Everywhere in the zy-plane 6 = 7/2, and cos @= 0. Thus the 
xy-plane is the locus of an angular node of the p, function. 


(a) (b) 


The angular part of the 2p.-orbital. (a) A plot of cos @ in the zx-plane, which represents the 
angular part of the 2p, wave function. Note the difference in the sign of the function in 
the two lobes. (b) A plot of cos? @ in the zx-plane, which represents the square of the wave 
function, and hence the probability density for finding an electron. 


A similar analysis is posstble for the other 2p-functions. The p, function 
has the yz-plane as an angular node, since the function is proportional to 
sir @cos ¢, and cos ¢ = 0 everywhere in the yz-plane. The maximum values 
of 1 for sin @ and cos ¢ occur along the positive z-axis. The p, function, pro- 
portional to the sm @sin ¢, vanishes in the xz-plane, where sin ¢ = 0, and has 
& maximum along the positive y-axis, where both sin @ and sin ¢ are unity. 

Two of the ways of representing the angular part of the p, function are 
shown in Jig. 10.15. In the first instance, cos @ is plotted as a function of 8, 
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FIG. 10.16 
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and the result is two tangent circles. The node in the ry-plane (perpendicular 
to the page) is clear, as is the maximum magnitude along the z-axis. The cosine 
function is positive for positive z and negative for negative z, as 1s indicated. 
If the square of the angular part, cos” 6, is plotted as in Fig. 10.15b, a double 
teardrop appearance results. The node and the location of the maxima in the 
function are perhaps clearer than in the cos @ plot. Both these representations 
of the angular part of the p-functions are encountered frequently. 





The 2p-orbitals of the hydrogen atom. (Adapted from K. B. Harvey and G. B. Porter, An 
Introduction to Physical Inorganic Chemistry. Reading, Mass.: Addison-Wesley, 1963.) 


The simultaneous representation of the radial and angular parts of ly|? for 
the p-orbitals is more difficult, but is shown in Fig. 10.16. The surfaces of 
constant |y|? are two spheroidal lobes, with the nucleus located between them 
in the nodal plane. The three p-orbitals are identical except for the direction 
of their symmetry axes, which, as we have indicated above, he along the axes 
of a cartesian coordinate system. Accordingly, it is often convenient to distin- 
guish between the orbitals by labeling them pz, py, and pz. 

For an electron with n = 3, / may be 0, 1, or 2. Thus we might have a 3s-, 
3p-, or 3d-electron. Corresponding to the fact that when / = 2, m; can assume 
one of five values, there are five d-orbitals. The approximate shapes of these 
orbitals are shown in [ig. 10.17. The significant feature is that two of these 
orbitals point along the coordinate axes, while the symmetry axes of the other 
three are in the coordinate planes, but pointing between the cartesian axes. 
The labeling of the d-orbitals as given in Tig. 10.17 is derived from the direc- 
tions or planes in which the orbitals have their maximum density. 

We have now seen instances where the wave function depends only on the 
radial distance r (s-orbitals) and on both r and the angles ¢ and 6 (p- and d- 
orbitals). One way of remembering the general behavior of the wave functions 
is to systematize their nodal properties. For a hydrogen atom wave function 
of principal quantum number n, there is a total of m — 1 nodes which occur at 
finite values of the radial distance r. Of these n — 1 nodes, some are encountered 
as we proceed radially out from the nucleus at any fixed angle. These are called 
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radial nodes. Others are encountered as we proceed around the atom at a fixed 
distance from the nucleus. These are called angular nodes. Examination of the 
wave functions shows that the number of angular nodes is just equal to I, the 
angular momentum quantum number. Thus we have 


total nodes = n — I, 
angular nodes = l, 
radial nodes = n — 1 — 1. 


With these relations in mind, it is easier to interpret the various qualitative 
pictures of orbitals that are encountered. Also, the nodal properties of the wave 
functions prove to be very important in the theory of chemical bonding, so it is 
advisable to analyze and understand these properties thoroughly. Finally, 
we should note that 1t is sometimes stated that the total number of nodes in 
an atomic wave function is n, rather than n — 1. In this case, the node which 
always occurs at r = oo is being included in the count. 





The 3d-orbitals of the hydrogen atom. Note the relation between the labeling of the FIG. 10.17 
d-orbitals and their orientations in space. (Adapted from K. B. Harvey and G. B. Porter, 
An Introduction to Physical Inorganic Chemistry. Reading, Mass.: Addison-Wesley, 1963.) 
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Now that we have the general shape or angular properties of the orbitals mn 
mimd, we can examine what is called the radial probability distribution of the 
electron: the probability of finding the electron anywhere in a spherical shell 
of radius r and thickness dr. This radial probability differs from the probability 
we used earlier to plot the “cross section” of the atom. Previously we asked 
only for the probability of finding the electron at one particular point a distance 
r from the nucleus; for the radial probability we ask what is the chance of 
finding the electron at any of all the points which are a distance between r and 
r+ dr from the nucleus. Thus the radial probability function ts |R|*, the 
radial part of the wave function squared and multiplied by the volume of a 
spherical shell, 4ar? dr. 


ls 
38 
0 Ve 4 6 8 0 2 4 6 8 10 12 14 
r(A) r(A) 
28 3p 
Q Je 4 6 8 0 2 4 6 8 10 12 14 
r(A) r(A) 
2p 3d 
0 2 4 6 8 () 2 4 6 S610. 12582 
r (A) r (A) 


Radial probability density for some orbitals of the hydrogen atom. Ordinate is propor- 
tional to 42r2R2, and all distributions are to the same scale. 


Vigure 10.18 shows how this radial probability depends on the distance from 
the nucleus for various orbitals. This probability of finding an electron very 
near the nucleus is small, for in this region 47rr? is small. The maxima in the 
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radial-probability curves occur at radii where the electron is most likely to be 
found. lor the Is-electron of the hydrogen atom, this radius of maximum 
probability is 0.529 A. The curves show that on the average the 2s-electron 
spends its time a greater distance from the nucleus than does a 1s-electron. 
This ts qualitatively consistent with the relative energies of the 1s- and 2s-states, 
for the electron which on the average 1s close to the nucleus is bound to have 
the lower energy. Comparison of the radial probability curves of electrons with 
the same » but different / shows that their average distance from the nucleus is 
approximately the same. However, an s-electron has a greater chance of being 
very close to the nucleus than does a p-electron, which in turn is more Itkely 
to be near the nucleus than ts a d-electron. The different abilities of s-, p-, and 
d-electrons to penetrate to the nucleus should be noted carefully since they 
persist in atoms with many electrons, and are responsible for many of the details 
of the structure of the perrodic table. 

To characterize the orbitals of the one-electron atom further, we draw upon 
two equations that result from the quantum-mechanical treatment. Tor a 
smgle electron moving around a central nuclear charge Ze in an orbital whose 
quantum numbers are n, l, the average value of the reciprocal of the electron- 
nucleus separation Is 

1 = 4a? me*Z 10.21 
r n2h2 ee) 


Note that this expression does not contain the quantum number J. This begins 
to reveal the reason that the orbitals with the same n but different / have the 
same energy in the one-electron atom. The average potential energy of the 
electron-nucleus system can be obtained by multiplying Eq. (10.21) by —Ze? 
to give 

Wea _ 4mr?me*Z? 

ro th? 


If, as was true in the Bohr treatment of the atom, the total energy 1s one-half 
the potential energy, we might write 





aD 
1 Ze 
; 


Qn? me'Z? 


SSS eS 


nh? 


(pe 





hd 


Which is in fact Iq. (10.20), the correct expression for the allowed energies. 
Thus while we cai make the general observation that the energy of an orbital 
increases as its size increases, the important factor which determines the energy 
is the average of 1/r. 

This conclusion 1s further supported by the following expression for the 
average value of r, again derived from the quantum-mechanical treatment of 
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the one-eleetron atom: 


_ . i 1 me a pian (10.22) 

Z 2 n2 4a?me? ’ =. 
while # increases as n increases, it decreases as / inereases. The form of the 
orbital at distances far from the nueleus is important in determining the value 
of % Since 7 is less for a p-orbital than for an s-orbital, it must be that the 
electron density in a p-orbital deereases faster at great distanees than does the 
density of the eorresponding s-orbital. Reference to Vig. 10.18 shows that this 
pS) DIS. 
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The applieation of quantum mechanies to atoms with many electrons 1s a 
difficult mathematieal procedure, but theoretical results whieh are in extremely 
good agreement with experiment have been obtained. Consequently, we are 
confident that quantum mechanics provides a completely satisfactory deserip- 
tion of even the most eomplieated atoms. The simplest proeedures used for 
the approximate qualitative deseription of multi-eleetron atoms are natural 
extensions of those used to deseribe the hydrogen atom. Ilectrons are asso- 
eiated with atomie orbitals whieh are qualitatively similar to the orbitals of 
the hydrogen atom. Eaeh orbital is labeled with a set of quantum numbers 
which are just the same as those used for the hydrogen atom. As before, the 
principal quantum number 7 is most important in determining the energy of 
the orbital, and once again the value of / determines its shape or angular prop- 
erties. However, the value of | for an eleetron in a multi-electron atom also 
affects the energy. Thus in a multi-eleetron atom a 2p-eleetron has a higher 
energy than a 2s-electron, and the energy of a 3d-electron 1s greater than that 
of a 3p-electron, which is in turn greater than the energy of a 3s-eleetron. This 
is illustrated in Fig. 10.19, which compares the allowed energy states of the 
lithium and sodium atoms with those of the hydrogen atom. While the energy- 
level patterns of the various atoms differ in their quantitative details, all are 
at least qualitatively similar to those of lithium and sodium. 

Another important qualitative feature of multi-electron atoms is that each 
electron in the atom has a unique set of quantum numbers. That is, each elec- 
tron has a combination of 7, l, mz, and m, which is in some way different from 
those of all other electrons in the atom. This important universal observation 
is called the Pauli Exclusion Principle. It is an experimental fact which really 
has no fundamental explanation, just as there is no explanation of why two hke 
charges repel each other with a force given by Coulomb’s law. Another way 
of stating the Pauli Principle is that no more than two eleetrons can occupy 
the same atomic orbital. Two electrons in the same orbital have the same 
values of n, l, and mj; thus in order for each electron to have a unique set of 
quantum numbers, one must have spin +4, the other spin — %. In short, two 
electrons can occupy the same orbital 7f and only if their spins are different. 


THE ELECTRONIC STRUCTURE OF ATOMS | 10.6 





—2() 


— 40 


— 60 


— $0 


— 100 





Comparison of the energy levels of the hydrogen atom, lithium atom, and sodium atom. FIG. 10.19 


Energy Levels 


The energy-level patterns of the lithium and sodium atoms reflect some impor- 
tant features of the behavior of electrons in multi-electron atoms. For example, 
why is it that the valence electron of sodium, normally in the 3s-orbital, has 
higher energy when it is excited to the 3p-orbital, and still higher energy when 
it is in the 3d-state? 


dar? fe2 





The radial distribution of electron density in the sodium atom in its ground and excited FIG. 10.20 
States. The shaded area represents the core electrons. The distribution of the valence 
electron when it is in the 3s-, 3p-, or 3d-orbitals is also shown. 
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The answer can be deduced from Fig. 10.20, which shows the radial distri- 
bution of the ten core electrons in the sodium atom, and for the valence electron 
in the 3s-, 3p-, or 3d-orbitals. We see that when the electron is m the 3d-orbital, 
it spends virtually all its time relatively far from the nucleus, well outside the 
regions where the ten core electrons spend most of their trme. As a result, the 
2d-electron is shielded or screened from the full nuclear charge of +11 by the ten 
core electrons. To a fairly good approximation, the 3d-electron moves under 
the influence of an “effective” nuclear charge of approximately 11 — 10 = 1. 
Consequently, the 3d-electron in the sodium atom has nearly the same energy 
as a 3d-electron in a hydrogen atom, as I'1g. 10.19 shows. 

Figure 10.20 also shows that an electron in the 3p- or 3s-orbrtal of sodium 
also spends most of its time outside the inner core of ten electrons. However, 
in contrast to the 3d-orbital, the 3p-orbital has a subsidiary maximum at a 
fairly small distance from the nucleus, and has a noticeable density in regions 
even closer to the nucleus, well within the distribution of core electrons. When 
the valence electron penetrates the mner-core electrons, it is no longer shielded 
or screened from the nucleus, and feels an increasing amount of the full +11 
charge, the nearer it gets to the nucleus. This causes a lowermg of the energy 
of the electron. The effect is even more extreme for the 3s-clectron, which has 
two subsidiary maxima at small radii, and which penetrates to the nucleus 
most effectively. Consequently, the energy of the 3s-orbital is lower than that 
of the 3p-, which is in turn lower than that of the 3d-orbital. The type of 
orbital-energy splitting which occurs in sodium prevails in every multi-electron 
atom, and for the same reason. 

Why, as Figure 10.19 shows, do the energies of the s-, p-, d-, f-, ete., orbitals 
of a very high principal quantum number in sodium and hthium he very close 
to each other, and very close to the hydrogen atom level of the same principal 
quantum number? The answer again involves the penetration effect. An elec- 
tron excited to the 6s-state of Na spends most of its time very far from the 
nucleus, and thus is very well screened from the full nuclear charge by the inner 
core. Beeause it is so far from the nucleus, its penetration of the core Is ex- 
tremely rare, and so virtually all the time this clectron 1s moving under an 
effective nuclear charge of +1. Consequently its energy is very close to that 
of an clectron m the hydrogen atom with n = 6. The same argument applies 
to the electron in the p-, d-, f-, ete., orbitals of the same prineipal quantum 
number. Electrons in any of these orbitals are far from the nucleus, do not 
penetrate the core, and have approximately the same energy. 


Electron Configurations 
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A number of aspects of the properties and behavior of atoms can be understood 
in terms of the number of electrons they have, and the relative energies of the 
orbitals they occupy. To see how this comes about, we need the electron 
configurations of the gaseous atoms of the elements, which tell us the atomic 
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orbitals that are oeeupied by electrons. To obtain these eleetrome eonfigura- 
tions, we first imagine an atomic nucleus of appropriate eharge surrounded by 
empty atomic orbitals. Then we feed eleetrons into these orbitals, filling them 
in order of mereasing energy, always remembering that aeeording to the Exelu- 
sion Prineiple, eaeh orbital ean aeeommodate only two eleetrons whose spins 
must be opposite. The order of inereasing energy for the atomic orbitals Is 
shown in lig. 10.21. This diagram is qualitatively correet for almost every 
neutral atom, and ean be used to find the eleetron eonfiguration of all but a 
very few elements. 

A word of eaution concerning the interpretation of I'ig. 10.21 and the idea 
of “feeding” eleetrons into orbitals is in order. While it is useful to deseribe 
atoms qualitatively by saying that there are eleetrons “in” eertain orbitals, and 
while it 1s sometimes helpful to think of atoms as being built up by “plaeing” 
electrons into a set of vacant orbitals, this language must not be taken too 
literally. The orbitals of an atom are not a permanent set of “boxes” rigidly 
placed on an energy seale as Fig. 10.21 might seem to suggest. When we say 
an eleetron Is “in an orbital” we are saying only that an eleetron is behaving 
in a eertain manner, and in this sense an orbital exists physically only if an 
electron 1s “in” 1t. Moreover, eaeh atom and ion has a unique set of energy 
levels determined by its nuclear charge and number of eleetrons. Consequently, 
the energy associated with a given orbital depends on what other orbitals are 
oeeupied, and is not the same for all atoms. Thus the pattern of orbital energies 
shown in Tig. 10.21, while useful, has only qualitative significanee. 
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Schematic valence-orbital energy diagram for 
neutral atoms. 
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Let us eonsider some speeifie examples. The oxygen atom has a nuelear 
charge of eight, so the first two eleetrons would fill the 1s-orbital, the third and 
fourth eleetrons would then have to go into the 2s-orbital, and the remaining 
four electrons would be distributed among the three 2p-orbitals. The resulting 
eonfiguration is deseribed by writing 1s?2s72p*, where 1s, 2s, 2p denote the type 
of orbital, and the exponents give the number of eleetrons oeeupying these 
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Table 10.5 Electron configuration of gaseous atoms 





Atomic Electronic Atomic Electronic 
Element : : Element : : 
number configuration number configuration 
1 4 Is 27 C6 —3d‘4s" 
2 He 1s 28 Ni —3d°4s7 
3 Li (He] 2s 29. Cu —3d'!%4s 
4 Be 25" 30 Zn —3q!945? 
5 B 25 -2G 31 Ga —3d!94s74p 
6 e —2s*2p* 32 Ge —3d194s*4p" 
7 N —2s"2p? 33 As —3d!94s74p3 
8 O —2s*2p* 34 Se —3q194574p4 
9 F 25-28 35 Br —3q!%45?4p> 
10 Ne ON Pc. 36 Kr —3d!94574p6 
ie Na [Ne] 3s 37 Rb [Kr] 5s 
12 Mg = 38 Sr —5s5¢ 
13 Al —3s"3p 39 Y —Ad5s 
14 Si —3s*3p* 40 Zr —4q*5s 
15 pP — 3573p? 41 Nb —4d*5s 
16 S —3s"3p? 42 Mo —4d°5s 
17 Cl —3s*3p5 43 Tc —4d°5s? 
18 Ar —3s73p6 44 Ru —Ad‘5s 
19 K [Ar] 4s 45 Rh —4d°5s 
20 Ca —As? 46 Pd —4q!0 
21 Sc —3d4s" 47 Ag —4q'%5s 
22 Ti —3d74s? 48 Cd —4q19552 
23 V —3d°4s" 49 In —4q1955°5p 
24 OF —3d54s 50 Sn —4d195 5275p" 
25 Mn —3d54s? 51 Sb —4q195525p3 
26 Fe —3d°4s? 52 Te —4q!95525p4 





orbitals. In the same manner, we find that the electron configuration of the 
sodium atom is 1s?2s?2p°3s. In discussing an atom with many electrons, it 1s 
often convenient to omit writing the assignments of all but the valence electrons. 
Thus for iron we could write the important part of its electron configuration as 
4s73d°, and assume that it is known that the 1s-, 2s-, 2p-, 3s-, and 3p-orbitals 
are filled. Table 10.5 gives all the known configurations of the lowest energy 
states of the free gaseous atoms of the elements. 


The Periodic Table 
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Table 10.6 is intended to show how the structure of the periodic table is related 
to the electron configurations of the atoms. Each of the periods starts with an 
element which has one valence electron in an s-orbital. The first period 1s only 
two elements long, since the Is-orbital can accommodate only two electrons. 
The third electron in lithium must enter the 2s-orbital, and the second period 
begins. Since there are one 2s-orbital and three 2p-orbitals, each capable of 
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Table 10.5 (Continued) 


Atomic Electronic Atomic Electronic 
Element : Element 
number configuration number configuration 
53 —4d195s25p9 78 Pt —4f145q%6s 
54 Xe —4d195s525p8 79 Au [ ] 6s 
55 Gs [Xe] 6s 80 Hg —6s* 
56 Ba —6s" 81 TI —6s°6p 
57 La —5d6s* 82 Pb —6s*6p" 
58 Ce —4f*6s? 83 Bi —6s76p? 
59 Pr —Af 6s? 84 Po —6s*6p4 
60 Nd —4f*6s? 85 At —6s*6p° 
61 Pm —4f°6s* 86 Rn —6s76p5 
62 Sm —AfS6s? 87 Fr {Rn] 7s 
63 Eu —4f' 6s? 88 Ra =—Js° 
64 Gd —4f' 5d6s 89 Ac —6d7s" 
65 Tb —4f°6s2 90 Th —6d°7s? 
66 Dy —4f19Gs2 91 Pa —5f°6d7s" 
67 Ho —4fl16s2 92 U —5f°6d7s" 
68 Er —A4f!26s2 93 Np —5f*6d7s" 
69 Tm —A4f!%6s2 94 Pu —3f57s2 
70 Yb —Afl46s2 95 Am —5f'7s2 
wl Lu —4f!45d6s 96 Cm —5f'6d7s2 
72 Hf —4f145q76s? 97 Bk —5f97s2 
73 Ta —4f!45q%6s? 98 Cf —5f!9752 
74 W —4f145q46s? 99 Es —5f!!7s2 
75 Re —4f145q56s2 100 Fm —5f!2752 
76 Os —4 f145q66s? 101 Md —5f!8752 
77 Ir —4f145q76s? Key No —5f!47s2 
103 Lr —5f146d7s? 


accepting two electrons, 2 X (1 + 3) = 8 elements enter the table before the 
2s- and 2p-orbitals are filled in the element neon. The third period is also eight 
elements long and ends when the 3s- and 3p-orbitals are filled in argon. 

Since the 4s-orbital is lower in energy than the 3d-orbitals, a new period 
starts with potass1um before any electrons enter the 3d-orbitals. After the 4s- 
orbital is filled in calcium, the five 3d-orbitals are the next available in order of 
increasing energy. These five orbitals accommodate ten electrons, and there- 
fore there are 10 transition-metal elements which enter the table at this pomt. 
Once these 10 elements have entered, the fourth period is completed by filling 
the 4p-orbitals. In the fifth period the 5s-, 4d-, and 5p-orbitals are filled in 
succession. The sixth period is different im that after the 6s-orbital 1s filled, 
and one 45d-electron enters, the 4f-orbitals are the next available in order of 
increasing energy. Since an f-orbital corresponds to 1 = 3, the quantum num- 
ber m can assume integral values from —3 to +3, for a total of seven different 
choices. Thus there are seven 4f-orbitals, and we expect 7 X 2 = 14 elements 
to appear before any more 5d-orbitals are filled, as 1s observed. 
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After the 14 rare-earth elements have entered the table, the last transition 
metals appear as the 5d-orbitals are occupied. These in turn are followed by the 
six elements required to fill the three 6p-orbitals, and the sixth period ends with 
radon. The seventh period starts by filling the 7s-orbital and after one 6d- 
eleetron appears, subsequent eleetrons enter the 5f-orbitals. Thus the periodie 
table ends with the aetinide series, a group of 14 elements analogous in prop- 
erties and electronic structure to the rare earths. 

The gaseous atoms of elements in the same column of the periodic table have, 
for the most part, the same configuration for their valence eleetrons, and as is 
well known, the elements in the same column resemble one another chemically. 
Furthermore, whenever “horizontal” chemical similarity exists, sueh as among 
the rare earths or transition metals, the elements which are chemically similar 
differ only by the number of eleetrons in a particular type of orbital, such as 
4f, or 3d. In addition to these general relations between electron configuration 
and chemical properties, there are many more detailed correlations which we 
shall examine in our later discussions of the chemieal properties of the elements. 

The structure of the periodie table raises some interesting questions about 
electronic behavior. Why is it that the third short period stops with argon in 
the valence eleetron configuration 3s°3p°, and the 4s-electrons are added before 
the 3d-orbitals start to fill? The answer hes in the penetration effect discussed 
earher. The 3d-orbital in the potassium atom is concentrated outside the inner 
eore of 18 eleetrons, and an eleetron in this orbital is very well sereened from 
the nueleus. Since the 4s-orbital penetrates the core, an electron in it ean feel 
nearly the full nuclear charge some of the time, and thereby lower its energy. 
This effeet is so pronounced that despite its higher prineipal quantum number, 
the energy of the 4s-orbital is lower than that of the 3d-orbital. Therefore, the 
clement 19, potassium, has the configuration {Ar]4s, and displays the general 
chemieal properties of an alkali metal. 

Why do the 3d-orbitals suddenly become lower in energy and begin to fill 
immediately after the 4s-shell is completed? The qualitative explanation is 
based on the fact that even though the 4s-eleetrons penetrate the eore and the 
3d-eleetrons do not, the major parts of these orbitals oecupy approximately the 
same region of space. Because the two 4s-eleetrons are not any closer to 
the nucleus, they do not sereen the 3d-electrons from the nuclear charge. As a 
result, onee the nuclear charge is increased to aeeommodate the two 4s-electrons, 
the effective nuclear charge ready to aet on the 3d-electrons increases noticeably. 
In short, the increase in the nuclear charge which occurs in the sequenee Ar, K, 
Ca, is not sereened from the 3d-orbital by the added 4s-eleetrons because these 
electrons are not part of the inner core. Consequently, electrons added to the 
dd-orbitals after the 4s-orbital 1s filled feel an mereased nuelear charge, their 
energy is lowered, and the first transition series begins. We can make use of a 
similar argument to explain the occurrelce of the second and third transition 
series. 

Beeause the 4s- and 3d-electrons have somewhat similar energies in the first 
half of the transition series, these elements generally show a number of different 
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oxidation states in their compounds. However, the lowering of the energy of the 
3d-electrons relative to the 4s-electrons continues through the transition sertes. 
As the nuclear charge increases, the energy of the 3d-electrons falls well below 
the energy of the 4s-electrons, and becomes low enough so that m the latter 
half of the transition series, the typical oxidation state displayed is +2, which 
corresponds to removal of the two 4s-electrons only. Higher oxidation states 
of these elements (I’e-Cu) are produced only with difheulty. When we reach 
the element zie, the energy of the 3d-electrons becomes so low that they no 
longer are directly involved in the chemistry of this and subsequent clements. 


Energy 





] 20 40 60 
Z, atomic number ———» 


Schematic diagram of the variation of orbital energies with atomic number. 


We see that the variation of the relative energies of the orbitals is responsible 
for the detailed structure of the periodic table. These energy variations can 
be summarized conveniently m1 a diagram like that m Fig. 10.22. We see that 
as atomic number increases, the energy of all orbitals tends to fall. The dif- 
ferences in penetrating power cause a splitting of the energies of the s-, p-, d-, 
and f-orbitals of a given principal quantum number. In the valence shell, the 
d-orbitals sometimes are of higher energy than the s- and p-orbitals of the next 
higher principal quantum number. The 4f-orbitals for a time le higher m 
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energy than the 6s-orbitals, and at a point fall rapidly to begin the rare earth 
series. As orbitals become part of the core, the differentiation in their energies 
caused by penetration decreases, and although the order of energy is still 
s<p<d< f, orbitals of a given value of n are lower in energy than all of 
those orbitals with principal quantum number equal to n + 1 or greater. 


lonization Energies 


We have made use of Tig. 10.21, a qualitative indication of the relative energies 
of the various orbitals in a multi-electron atom. To understand the finer details 
of the periodic table and chemical behavior we must have a more quantitative 
indication of the energy with which an atom binds its electrons. This we obtain 
from measurements of the ionization energy: the minimum energy required to 
remove an electron from a gaseous atom to form a gaseous ion. Since in the gas 
phase the atom and the ion are isolated from all external influences, the 
energy necessary to effect the ionization is exactly the energy with which the 
atom binds its electron. Thus the magnitude of the ionization energy gives a 
quantitative measure of the stability of the electronic structure of the isolated 
atom. The ionization energies of the gaseous atoms of the elements are given 
in the first column of Table 10.7, and these energies are plotted as a function of 
atomic number in Tig. 10.23. 
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First ionization energy of the elements as a function of atomic number. (Adapted from 
K. B. Harvey and G. B. Porter, Physical Inorganic Chemistry. Reading, Mass.: Addison- 
Wesley, 1963.) 
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Table 10.7 lonization energies of gaseous atoms (kcal/mole) 


pnt Element fy lo I3 I4 
number 
1 H Sle Ps. 
2 He 566.9 1254 
3 Li 124.3 1744 2823 
4 Be 214.9 419.9 3548 5020 
5 B 191.3 580.0 874.5 5980 
6 C 259.6 562.2 1104 1487 
7 N S301 682.8 1094 1786 
8 O 314-0 810.6 1267 1785 
9 Q 401.8 806.7 1445 2012 
10 Ne 497.2 947.2 1500 2241 
11 Na 118.5 1091 652 2280 
2 Mg 176:2 346.6 1848 2521 
13 Al 138.0 434.1 655.9 2/07 
14 Si 187.9 37 OS rege: 1041 
15 P 254 A See. 695.5 1184 
16 S 238.9 540 807 1091 
17 Cl 300.0 548.9 920.2 1230 
18 Ar 3024 637.0 943.3 1379 
19 K 100.1 733-5 1100 1405 
20 Ca 140.9 273.8 bist 1550 
21 Sc 151.3 297.3 570%6 1700 
22 ae 158 3143 649.0 997.2 
76 V 155 o2o 685 1100 
24 Cr [36-0 350.3 713.8 1140 
25 Mn 171.4 360.7 TA LAY 
26 Fe 182 B71 Sc 7 O67 
Pad, Co 181 393;2 772.4 
28 Ni 176.0 418.6 810.9 
29 Cu 17 Se 467.9 849.4 
20 Zn 21626 414.2 915.6 
Sk Ga 138 473.0 708.0 1480 
32 Ge 182 367.4 789.0 1050 
33 As 226 466 653 1160 
34 Se 225 496 738 989 
35 Br 27 3-0 498 828 
36 Kr 322.5 566.4 851 
a7, Rb 96.31 634 920 
38 Sf 13103 254.3 1300 





By examining lig. 10.23, we find that there is a periodicity in the value of 
the ionization energy that parallels the periodicity in the chemical properties 
of the elements. Starting with one of the alkali metals, there is a general tend- 
ency for the ionization energy to inerease until a maximum is reached at the 
subsequent rare gas; this is repeated along each row of the periodic table. 
Superimposed on this general trend is a “fine structure,” subsidiary maxima 
and minima, which we shall explain in terms of electron configurations. 
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Table 10.7 (Continued) 


“alll Element re lo ie i 
39 Y 147 282.1 473 

40 Zr 158 302.8 530.0 791.8 
41 Nb 158.7 330.3 579.8 883 
42 Mo 164 372.5 625.7 1070 
43 Te 168 351.9 

44 Ru 169.8 386.5 656.4 

45 Rh 172 416.7 716.1 

46 Pd 192 447.9 759.2 

47 Ag 174.7 495.4 803.1 

48 Cd 207.4 389.9 864.2 

49 In 133.4 435.0 646.5 1250 
50 Sn 169.3 337.4 703.2 939.1 
51 Sb 199.2 380 583 1020 
52 Te 208 429 720 880 
53 241.1 440.3 

54 Xe 279.7 489 740 

55 Cs 89.78 579 

56 Ba 120.2 230.7 

57 La 129 263.6 442.1 

72 Hf 160 344 

73 Ta 182 374 

74 W 184 408 

75 Re 182 383 

76 Os 200 390 

77 Ir 200 

78 Pt 210 4280 

79 Au De 473 

80 Hg 240.5 432.5 789 

81 TI 140.8 470.9 687 1170 
82 Pb 171.0 346.6 736.4 975.9 
33 Bi 168.1 384.77 589.5 1040 
84 Po 194 

85 At 

86 Rn 247.8 

87 Fr 

88 Ra (ig 234.0 

89 Ac 160 279 


It is easy to understand why the ionization energy of helium is greater than 
that of hydrogen, particularly if we refer to Eq. (10.20), the expression for the 
binding energy of a one-electron atom. It is clear that the binding energy is 
sensitive to the nuclear charge if 7 is a constant. While this expression does 
not apply quantitatively to atoms with more than one electron, we can use it 
as a qualitative indication that as we go from hydrogen to helium, we expect 
the increase in nuclear charge to increase the binding energy or ionization energy 
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of the 1s-eleetron. If Eq. (10.20) were correet, changing Z from 1 to 2 should 
merease the ionization energy from 314 to 1254 keal. The fact that the observed 
ionization energy of helium is only 567 is a result of the repulsion of the two 
electrons, which makes the He atom less stable than might be expeeted from 
Eq. (10.20). Thus in thinking about ionization energies we must keep in mind 
the effects both of increasing nuclear eharge and of repulsion between electrons. 


Relative radial probability 


0 1.0 2.0 3.0) 4.0) 
(2 (A) 


The electron distribution in the lithium atom. The first maximum corresponds to the 
ls-electrons; the second, to the 2s-electron. 


Why is the ionization energy of lithium, with a nuclear charge of three, so 
much smaller than that of heltum? The electron configuration of lithium is 
1s*2s, so in order to form the ion a 2s-electron must be removed. Equation 
(10.20) shows that if all else is held constant, the binding energy of an electron 
deereases as 7 increases, and this factor alone would tend to lower the ionization 
energy of hthirum relative to helium. But why doesn’t the inereased nuclear 
charge of hthrum offset the ehange in principal quantum number? The reason 
ean be found in Fig. 10.24, which gives the radial distribution of the eleetrons 
in the lithium atom. It is elear that the 1s-electrons spend most of their time 
very close to the nueleus, while the 2s-eleetron is for the most part found at 
mueh greater radii. This effect is so extreme that it is reasonable to say that 
the 1s-eleetrons “screen” the 2s-electron from the nucleus. That is, most of the 
time the 2s-eleetron feels not a charge of +3, but a net positive charge of ap- 
proximately 8 — 2 = 1. Only rarely when the 2s-electron moves very close to 
the nucleus does it “see” the full +3 nuclear eharge. This screenmg effect by 
the inner electrons, together with the nerease in the prineipal quantum number, 
provides a satisfactory explanation of the relative ionization energies of helium 
and hthium. 

Let us continue to analyze the trends in ionization energies shown in lig. 
10.23. We find that the ionization energy of beryllium is somewhat greater than 
that of lithium, a fact which we can now attribute to the increased nuclear 
charge. Yet we find that increasing the nuclear charge one more unit and adding 
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one more clectron to form the boron atom produces a slight decrease in ionization 
energy. The electron configuration of boron is 1s*2s*2p, and the surprisingly 
low ionization energy Is an indieation that p-eleetrons tend to be slightly higher 
in energy than s-electrons of the same prineipal quantum number, and thus 
require less energy for their removal. This effect, too, can be understood in 
terms of the sereening effects of the 1s-cleetrons. As we noted earlier i examin- 
ing the form of the hydrogen orbitals shown in I*ig. 10.18, a 2s-eleetron has a 
greater probability of being very elose to the nucleus than does a 2p-electron. 
This means that a 2s-electron is better able to penetrate the 1s-screen than is a 
2p-eleetron. Thus 2s-eleetrons feel the full nuclear charge more often than do 
2p-clectrous, and eonsequently the energy of the 2s-clectrons is always lower 
than the cnergy of the 2p-eleetrons. 

The addition of the seeond and third 2p-eleetrons im carbon and nitrogen is 
accompanied by imereases in 1onization energy whieh we onec again attribute 
to the increasing nuelear charge. To understand the shght drop in ionization 
energy which oceurs at the oxygen atom, we must mvestigate the filling of the 
2p-orbitals more earefully. Beeause of the repulsion between hke charges, 
electrous try to avoid each other as mueh as possible. This ean be most effee- 
tively aecomplished if cach of the first three p-cleetrons is plaecd in a different 
p-orbital. Thus the outer cleetron configuration of carbon is 2s*2p22p,, and 
that of nitrogen is 2s*2p}2p)2p). When the fourth p-electron enters in oxygen, 
it must be placed in a p-orbital which already has an electron in it. Apparently 
the extra repulsion which results from two eleetrons oecupying the same orbital 
offsets the inercased nuelear charge, and the ionization energy of oxygen 1s 
shghtly less than that of mitrogen. As the fifth and sixth p-cleetrons are added, 
the effect of inerecasing nuclear charge overeomes electron repulsion, and the 
louization potential rises to a maximum at neon. 

Figure 10.23 shows that the third period repeats the behavior found m the 
second period. In the fourth period, a new feature is mtroduced. After the 
two 4s-cleetrons have appeared in potassium and calcium, the ionization energy 
rises very slowly as electrons are added in the transition-metal series. It would 
appear from the order in whieh the 4s- and 3d-orbitals are filled that the 3d- 
orbitals are the higher in energy of the two. Yet, when one of the transition 
inctals is ionized it is a 4s-electron whieh is removed. This indieates that the en- 
ergics of the 4s- and 3d-orbitals are very close, and that a slight change in the 
structure of the atom can change their relative energies. Note that while the 
electron configurations of most of the transition metals are of the type 3d"4s?, 
chromium has the configuration 3d°4s!, and eopper 3d'°4s'. The fact that the 
energy of the 3d-orbitals is nearly the same as that of the 4s-orbitals is in large 
measure responsible for the large number of oxidation states displayed by the 
triusition mctals. 

The features found im the fourth period are repeated in the fifth. In the 
sixth period we find that the ionization energies of the transition metals are 
higher than the corresponding elements m the fourth and fifth periods. The 
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cause of this is the appearance of the fourteen rare-earth elements immediately 
before the 6d-orbitals are filled. Thus the ionization energies of the transition 
metals of the sixth period reflect an “extra” amount of nuclear charge introduced 
with the rare-carth clements. 

So far we have becn exclusively concerned with the energy necessary to 
remove the most weakly bound cleetron from the atom. This is called the first 
ionization energy of the element. That energy required to remove the second 
electron, as in 

Li? (g) — Lit *(@g) +e, 


1s called the second 1onization energy, and values for the elements are given in 
the second column of Table 10.7. The magnitudes of the second and higher 
ionization energies can also be understood in terms of electronic configurations 
and nuclear charge. Consider, for example, that He, Lit, and Be** all have 
the electron configuration 1s*; we say that they are isoelectronic. Comparison 
of their ionization energies should give us a good indication of the effect of 
nuclear charge on the binding cnergy of an clectron. The required data from 
Table 10.7 are the first 1onization energy of He, 567 keal; the second ionization 
energy of Li, 1743 keal; and the third ionization energy of Be, 3547 keal. These 
are the energies required to remove one of the two 1s-electrons. The effect of 
nuclear charge on binding energy of an electron is quite clear. 

To sce how changing the principal quantum number affects the binding 
cnergy of the electron, we need only compare the first and second ionization 
energies of any of the alkali metals. Tor lithium we have 124 and 1743 keal, 
for sodium 118 and 1090 keal, and so on. There is an enormous difference 
between the energy required to remove the outermost s-electron (~100 keal) 
and the 1000 kcal needed to eject an electron of next lower principal quantum 
number. Since such a huge energy is required to remove an inner clectron it is 
not surprismrg that the highest positive oxidation states of the metals are never 
greater than the number of valence electrons. 

Jonization of the transition elements displays what may seem at first to be 
a surprising feature. In the sequence IX, Ca, Se, the 4s-orbital fills before the 
3d-orbitals. However, when scandium is ionized sequentially, the following 
electron configurations occur 


Se(4s73d) — Set(4s3d) + e7 
Set (483d) — Set*(3d) + e7 
Sem) (8d) = Sct? aate— 


That is, when scandium is ionized sequentially the s-orbital is emptied before 
the d-electron is removed. This merely indicates that in Se**, the 3d-orbital 
1S lower in cnergy than the 4s-orbital. This same phenomenon occurs through- 
out the transition series. Thus, vanadium, whose neutral atom has the con- 
figuration 4s°3d°, gives Vt with a configuration 3d*, aud when Co(4s73d’) is 
ionized, Cot (3d8) is formed. 
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To understand the explanation of the mereasing stability of the 3d orbitals 
with increasing ionic charge, it helps to refer to Tig. 10.25, which shows the 
relative energies of the 4s-, 4p-, and 3d-orbitals in the isoelectronic sequence K, 
Ca‘, Sc*t, and Tit?. In the potassium atom, the 4s- and 4p-orbitals lie lower 
in energy than the 3d-orbital because of the penetration effect discussed earlier. 
The ion Ca* has the same number of electrons as IX, but has an increased 
nuclear charge. As a result, the electron core of Ca* ts somewhat contracted. 
As the core contracts, the 4s- and 4p-orbitals lre more and more outside the 
region occupied by the core electrons, and consequently their ability to lower 
their energy by penetrating the more compact core decreases. In Ca™ the 
penetration of the 4p-orbital is no longer sufficient to lower its energy below 
that of the 3d-orbital, and we find the 3d-orbital above the 4s-, but below the 
4p-orbital. Further contraction of the core occurs upon passing to Set, and 
m this case the penetration of even the 4s-orbital is small. Consequently the 
3d-orbital hes lower in energy than 4s- and 4p-, because of its smaller prinerpal 
quantum number. These effects occur again in Tit?, 
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The energies of the 4s-, 4p-, and 3d-orbitals in the isoelectronic sequence K, Cat, Sctt, 
and Tit3, 


In essence, the reason that the d-orbitals become more stable with mcreasing 
ionic charge ts the same as the reason why d-orbitals become increasingly stable 
as one proceeds sequentially through the transition elements: the contraction 
of the core diminishes the importance of penetration, and increases the impor- 
tance of the principal quantum number in determining the energy. 

There are several useful generalizations we can draw from our study of 
ionization energy that will help us understand the behavior of electrons in 
atoms and molecules. I'irst, it is apparent that as electrons are added to orbitals 
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Ti+3 


FIG, 10.25 
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of the same principal quantum number im successive elements, the lonization 
energy increases due to the increase m nuclear charge. This explams the general 
trend in ionization energy along any row of the periodic table. Second, electrons 
of the highest principal quantum number are shielded from the nucleus by the 
inner or core electrons. This is one of the reasons that the ionization energies 
of the alkali metals are so low. Third, when several p- or d-orbitals are available, 
one electron enters each orbital until all are half-filled. It 1s found that the 
electrons in these half-filled orbitals all have the same spin. This half-filled set 
of orbitals with all spms the same seems to be particularly stable, for addition 
of another electron often results in a decrease m the 1onization energy. lourth, 
among elements in the same periodic column or.group, with the exception of 
the transition metals, there 1s a tendency for the ionization energy to decrease 
as the atomic number increases. Thus among elements of the same perrodic 
family, the ones with higher atomic number tend to be oxidized more easily. 


Electron Affinities 


The electron affinity is the amount of energy required to remove an electron 
from a gaseous negative ion, as In 


Cl" (2) Cle) ene): 


Table 10.8 Electron affinities of gaseous atoms (kcal/mole) 





Atomic number Element Affinity 
1 H 17.4 
3 Li (14)* 
5 B (7) 
6 C 29 
7 N (0.9) 
8 O 34 
Ss F 7225 

ip) Na 125 
13 Al We 
14 Si (32) 
15 P (18) 
16 S 48 
17 Cl 83.4 
19 K eRe 
29 Cu 28.3 
34 se 46.6 
35 Br 77.3 
47 Ag 303) 
55 | 70.5 
78 at 49.1 
VA) Au San 





“Values in parentheses are estimated by quantum mechanical 
calculation and have not been verified experimentally. 
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As its name implies, the energy necessary to effect this electron detachment is 
a measure of the afhnity, or attraction, of the atom for its extra electron. A 
positive electron affinity means energy is required to remove the clectron from 
the ion, and a negative electron affinity means the isolated negative ion is un- 
stable. Table 10.8 shows that the eleetron affinities of the halogen atoms are 
greater than those of the other elements. In the halogens, there is one vacancy 
in the valence p-orbitals. As the ionization energies of these elements show, the 
large nuclear charge binds the p-clectrons strongly, so it is not surprising that 
there is a large residual afhnity for an extra electron. This argument also 
accounts for the electron affinity of the oxygen, sulfur, and hydrogen atoms. 
In contrast, the rare gases have no vacancies in their valence orbitals, and any 
electron added to them would have to be placed in an orbital of next higher 
quantum number. Because of the screening of the inner clectrons, this added 
electron would feel very little net attraction of the atom, and consequently the 
electron affinities of the rare gases are essentially zero. This argument helps 
to show why the rare gases tend to be so inert. Since their electron affinities 
are so small, they never enter compounds as electron acceptors. On the other 
hand, their ionization energies are so high that they are oxidized with great 
difficulty, and consequently they form only a limited number of compounds. 


10.7 


In Chapter 1 we learned that the general acceptance and development of the 
atomic theory of Dalton was the result of the performance and critical analysis 
of a large number of experiments. Here in Chapter 10 we have found that the 
same can be said of our theories of the electronic structure of atoms. It took 
many years and many experiments to ascertain the particulate nature of elee- 
tricity, the qualitative arrangement of electrical particles in the atom, and the 
quantitative laws of behavior of atomic systems. Today we can regard the 
provlems associated with the gross features of atomic electronic structure as 
having been solved. However, chemists maintain an active interest in this 
subject, because of the obvious, but incompletely understood, relation between 
the chemical and physical properties of matter and the electronic structure of 
atoms. Our hope is to be able to understand or to explain quantitatively much 
of the chemistry of the elements in terms of the electronic properties of their 
atoms. The subsequent chapters of this book will discuss some of the progress 
that has been made in solving this fascinating problem. 
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10.1 Energy of 118.5 keal/mole is required to ionize sodium atoms. Calculate the 
lowest possible frequency of hght that can ionize a sodium atom and the corresponding 
wavelength. One keal/mole corresponds to 6.95 X 107!* ergs/atom, and Planck’s 
eonstant A is equal to 6.62 X 107?¢ erg-see. 


10.2 In the classical wave theory of light, intensity was associated with the squares 
of the maximum amplitudes of the electric and magnetic fields. In the particle theory 
of light, what property of the model is associated with the intensity of ight? 


10.3) When hght of 4500-A wavelength impinges on a clean surface of metallic sodium, 
electrons whose maximum energy is 0.4 ev, or 0.64 X 107!” erg, are ejeeted. What is 
the maximum wavelength of light which will eject electrons from metallie sodium? 
What is the binding energy of an clectron to a sodium crystal? 


10.4 Plot the angular part of f(@) for the scattering of a-particles as given by 
Eq. (10.6), by calculating the value of sin @/sin* (6/2) at a few angles. Is most of the 
scattering i the forward or backward direction with respect to the onginal beam? 
When all other faetors are constant, are more partieles scattered from a high-velocity 
beam or from a low-velocity beam of a-particles? Does the scattering increase or 
decrease as the nuclear charge of the target atoms 1s increased ? 


10.5 Write the electronic configurations of the following species and indicate those 
that are isoelectronic, or have the same number of electrons: Ne, Al, O=, CI7, Kt, 
ai Maal: 

10.6 Without consulting the periodie table, deduce the atomic numbers of all the 
inert gases from the fact that except for helium, all have a valenee-electron eonfigura- 
tion ns*np®, 


10.7 Without referring to the periodie table, write the eleetron configurations and 


give the group of the periodic table to which the elements with the following atomic 
numbers belong; 3, 14, 8, 17, 37, 56. 


10.8 Plot a graph of the square roots of the ronization energies versus the nuclear 
charges for the series Li, Bet, B++, Ct+8, and Na, Mgt, Al*++, Sit?. Explain the 
observed relationship with the help of Bohr’s expression for the binding energy of an 
electron in a one-electron atom. 


10.9 By using the mathematical expression for a 2p.-wave function, show that the 
probability of finding a 2p.-electron anywhere in the xry-plane is zero. 


10.10 Use the expressions in Table 10.4 to show that when one clectron oceupies 
the 2p,-orbital, and another the 2p,-orbital, the resultmg electron distribution 


THE ELECTRONIC STRUCTURE OF ATOMS 








y7(pr) + ¥-(p,)] is cylindrically symmetric about the z-axis. Show also that if there 
is an electron in each of the 2p,-, 2p,- and 2p,-orbitals, the atom is spherically 
symmetric. 


10.11 In the previous problem it was shown that if the p-orbitals are each equally 
occupied, the charge distribution in the atom ts spherically symmetric. <A similar 
conclusion can be reached concerning d-orbitals: a filled or half-filled set of d-orbitals 
is spherically symmetric. Which of the following species has spherical symmetry: 
See), Zn, N, F, O7, Cr? 


10.12 The 2s-orbital has a node, or a region where the probability of finding the 
electron is zero. From the expression for ¥(2s) given in Table 10.4, find the value of 
rin terms of ag at which this node occurs. 


10.13 What is the differcnce in encrgy between the 1s- and 2p-orbitals in the hydrogen 
atom? In the x-ray spectrum of copper, radiation of 1.54-A wavelength is emitted 
when an electron changes from the 2p- to the 1s-orbital. What is the energy difference 
between these orbitals in copper? 


10.14 From the table of sccond and third ionization energics, cite some examples 
showing that a half-filled set of p- or d-orbitals has a noticeable extra stability. 


10.15 The following are a few elements and their characteristic x-ray wavelengths: 


Me 9.87 A Cr 2.29 A 
S 5.36 A Zn 143 A 
Ca Laie Rb 0.938 A 


Convert these wavelengths to frequencies, and then plot the square root of the fre- 
quency as a function of the position of the element in the periodic table. Determine 
the constants c and 6 which occur in Moseley’s relation between v and Z, the atomic 
number. Compare your value of ¢ with the evaluated factor 21?me*/h?, which is 
taken from the Bohr expression for the frequencies emitted by a one-electron atom. 
Here m is the electron mass in grams, and e¢ is the electron charge in electrostatic units. 
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CHAPTER 11 


THE CHEMICAL BOND 


The existence of stable polyatomic species, whether elemental or compound, 
implies that atoms can act upon each other to form aggregates which have 
lower energy than separated fragments. When this energy lowering exceeds 
approximately 10 keal/mole of atoms, we say that chemical bonds exist, since 
stabilization energies of this magnitude produce species which have distinct 
and characteristic chemical properties. The existence of structural isomers like 
ethyl alcohol and dimethy! ether, which both have the same molecular formula 
(C2H,O) but very different chemical and physical properties, emphasizes that 
the properties of a compound are dictated not only by its empirical composition, 
but by the way its atoms are bonded. A chemical reaction is really just a process 
which exchanges one bonding arrangement for another. Consequently an under- 
standing of chemical bonding is necessary if we are to understand the chemical 
and physical properties of elements and compounds. 

In science “understanding” means being able to predict or rationalize a 
variety of facts in terms of a few general principles. Before we start developing 
principles of chemical bonding, we should specify what facts we must explain. 
Perhaps the minimum requirement of a chemical bonding theory is that it show 
why compounds have their particular formulas. If we approach this problem 
historically, we encounter one of the most primitive concepts associated with 
chemical bonding: valence. According to the definition introduced in 1850, 
valence is the combining capacity of an element; the number of atoms of hydro- 
gen or chlorine with which one atom of the element combines. By using this 








definition, 1t was possible to eharaeterize some elements with a valenee whieh 
aided in predieting the formulas of some of their compounds. But to say that 
sodium has a valenee of one explains nothing; it 1s just a restatement of the faet 
that sodium and ehlorine form a eompound whose formula 1s NaCl. We want 
to know why this formula is NaCl and not something else. We shall find that 
our theory of ehemieal bonding ean relate molecular formulas to the eleetronie 
struetures of the constituent atoms. Thus the eoneept of valenee as just defined 
is not really needed, and it has been largely abandoned and replaeed by more 
speeifie and informative terms. The modern use of the word “valenee” is not 
as a noun, but as an adjeetive meaning “assoeiated with ehemieal bonding.” 
Thus we speak of valenee eleetrons, meaning the electrons most weakly bound 
to the atom whieh may be involved in the formation of ehemieal bonds. 

As a second requirement, a satisfaetory theory should tell us why echemieal 
bonds form. We have already given the general answer to this question. Chem- 
ieal bonds are formed beeause in so domg atoms ean follow the universal 
tendeney of all meehanieal systems to reaeh the state of lowest energy. Sinee 
by forming a bond, a pair of atoms release a certain amount of energy to their 
surroundings, this same amount, ealled the bond dissoeiation energy, must be 
delivered to the moleeule in order to break the bond. We expeet to find m our 
theory of ehemieal bonding an explanation of how and why bond formation 
lowers the energy of a system of atoms. We should even hope to be able to 
calculate this bond dissoelation energy, or at least to be able to understand its 
magnitude qualitatively. The ealeulation of bond energies has mn faet been 
aeeomphshed, but 1t 1s a difheult proeess. A qualitative rationalization of bond 
energies 1s more nearly within our grasp. 

Another feature that a theory of ehemieal bonding should explam is the 
geometry of moleeules. Why do earbon dioxide and water have the struetures 


O 
ae’ 
O--G_) H Be: 
What is it that makes one moleeule linear and the other bent? We shall find 
that there are qualitative answers to this question. 


11.1 PARAMETERS OF MOLECULAR STRUCTURE 


Although the eomplete quantitative theory of the ehemieal bond involves the 
rigorous applieation of quantum meehanies, the ideas about ehemieal bonding 
whieh most ehemists work with are primarily qualitative in nature and have 
been developed by trying to use the qualitative eoneepts of quantum meehanies 
to understand experimental faets. This is what we shall attempt to aeeomplish 
here. In the proeess of developing a simple theory of ehemieal bonding, the 
experimental faets about moleeular structure have been extremely important 
guides. Therefore, before we approach the theory of ehemieal bonding, let us 
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examine some experimentally determimed values of bond energies, bond lengths, 
and bond angles to see whether there are any obvious regularities that will aid 
in constructing and understanding our theory. 


Bond Energies 
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For a diatomic molecule, the bond dissociation energy D 1s the enthalpy change 
of the reaction in which the gaseous molecule is separated into gaseous atoms. 
For example, 


Jey) a= 2) Say D(H—H) = AH = 104 keal/mole. 


Usually bond dissociation energies are given in units of kilocalories per mole of 
bonds broken. Table 11.1 contains a list of the bond dissociation energies for 
some common diatomic molecules. 


Table 11.1 Dissociation energies of 
diatomic molecules (kcal/mole) 


Lig 25 LiH 58 


Nao 7 NaH 47 
Ko ied KH A 
Rbe Pll RbH 39 
Cso IL ONyel CsH 42 
Fo a7 cle 135 
Clo 59 HCl 103 
Bro 46.1 HBr 87.4 
lo 3621 Hi 71.4 
Noa 226 NO 150 
Oo 119 CO 256 
Ho 104 


Some groups of molecules have similar dissociation energies which display 
an obvious trend among successive members of the group. lor example, con- 
sider the diatomic molecules of the alkali metals. The bond energy of each 
member of the series is comparatively small and decreases as the atomie number 
of the alkali atom increases. Among the hydrogen halides, the bond energies 
are comparatively large and again decrease as the atomic number of the halogen 
increases. In contrast to these smooth trends among chemically related mole- 
cules, there can be notable differences between molecules of atoms that are 
near to each other in the periodic table. The dissociation energy of Og is only 
slightly over half that of its neighbor N», but is more than three times as great 
as the dissociation energy of F>. We shall find that there are remarkably simple 
explanations for some of the relations between bond energies, while others are 
not understood and offer us a fine chance to use our imagination. 


THE CHEMICAL BOND oT ak 





It is also possible to define bond dissoeiation energy for the bonds in poly- 
atomic moleeules. The dissoetation may involve fragmenting the moleeule into 
an atom and a group of atoms, ealled a radieal, as in 


H2O(g) = H(g) + OH(g), D(H—OH) = 119.7 keal. 
In other eases, the dissoeiation may be into two radieals: 
HMO—OH(¢) = 20H(g), D(HO—OH) = 48 keal. 


Now a bond between two partieular atoms sueh as O and H may oeeur in a 
variety of eompounds, and it ts interesting to see what effect these different 
environments have on the bond dissoetation energy. We already know that 
D(H—OH) = 119.7 keal, and other experiments show that 


OH(g) = O(g) + H(g), D(O—H) = 101.5 keal: 
HOOH(g) = HOO(g) + H(g), ©§= D(HOO—H) = 103 keal. 


It is clear that the dissoeiation energy of the O—H bond is sensitive to its 
environment, but still the fractional variation in the dissociation energy usually 
is not very large. Variations of a similar magnitude oeeur in a series of C—H 
bonds: 


CH4(g) = CH3(g) + H(g), D(H—CH3) = 103 keal; 
CH3CH3(g) = CH3CH.(g) + H(g), | D(H—CH,CH;) = 96 keal: 
(CH3)3CH = (CH3)3C(g) + H(g), D(H—C(CHs3)3) = 90 keal. 


Other C—H dissoeiation energies lie near or in the range between 90 and 
103 keal. 

The approximate eonstaney of bond dissociation energies is very signifieant, 
for it suggests that the prineipal faetors that determine the energy of a par- 
tieular bond are the intrinsic properties of the two bonded atoms and are to 
only a lesser extent properties of the environment provided by the rest of the 
atoms in the moleeule. Consequently we ean hope to build a theorv that 
explains most of the features of chemical bonding in terms of the properties of 
the bonded atoms. 


Use of Bond Energies 


The near eonstancy of the dissociation energy of a partieular type of bond has 
an tmportant praetieal eonsequenee. It ts posstble to charaeterize the C—H 
bond, or any other ehemieal bond, by an average bond energy € whieh is the 
approximate energy needed to break that bond in any compound in whieh it 
oeeurs. This average bond energy e is different from the bond dissociation 
energy D which refers to the energy needed to break a particular bond in a 
particular molecule. Table 11.2 is a short list of average bond energies. 
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By using average bond energies, it is possible to estimate the energy released 
when a gaseous molecule is formed from its gaseous atoms. For example, AH, 


Table 11.2 Average bond energies (kcal/mole) 





C—H 98.7 e—_o 
oP ~110 =C 
CCl 80 C= 

C—Br 69 Go 
(| S15) C—O 
Cay 80 O—H 


82.6 
145.8 
129.6 

85 
178 
ORs: 





the energy released at constant pressure for the reaction 


is the sum of the energies of three C—H bonds and one C—Cl bond, all taken 


3H(g) + C(g) + Cl(g) = CH3Cl(g), 


with a negative sign because energy is released. That 1s, 


To find the AH for the formation of CH3Cl from the elements hydrogen, chlo- 


AH = —3e(C—H) — e(C—Cl) 
= —296 — 80 
= —376 kcal/mole. 


rine, and carbon in their more usual forms, we must write 


3H(g) + 4Clo(g) + C(graphite) = CH3Cl(g). 


This reaction is the sum of two processes: 


$H» + $Clo + C(graphite) = 3H(g) + Cl(g) + C(g), 


3H(g) + Cl(g) + C(g) = CH3Cl(g). 


We have already computed the AH for the second of these processes. For the 
first, AH can be expressed in terms of the H2 and Cl, bond dissociation energies 
and the heat of vaporization of graphite to carbon atoms. That is 


aD OHH) 4 (Cl—Cl) + AHO) 


$(104) + $(57.9) + 170.9 
356 keal. 


Finally, for the overall reaction, 


3H.(g) + 4Clo(g) + C(graphite) = CH3Cl(g), 
Mie 3 716" S56 
— —20 keal. 
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The value of AH found by more direct calorimetry is —19.6 keal, which differs 
only slightly from the result we have obtained. In some cases, there can be 
discrepancies of a few kilocalories between values of AH calculated from bond 
energy values and those measured calorimetrically, since the average bond energy 
€1s only an approximation to the true dissociation energy of a bond in a particular 
molecule. Nevertheless, bond energies do provide a very useful indication 
of the strengths of chemical bonds, and can be used to estimate the energetics 
of chemical reactions when direct calorimetric data are not available. 


Bond Lengths 


In molecules, atoms are always vibrating with respect to each other, so there is 
no single fixed distance between any pair of atoms. However, there is a well- 
defined average distance between the nuclei of two bonded atoms, and this is 
called the bond length or bond distance. If a substance can be obtained in 
crystalline form, it is possible to measure the distances between its atoms by 
x-ray diffraction, and many of the bond distances we shall discuss have been 
obtarned from x-ray data. 


J Table 11.3 Bond lengths for some 
diatomic molecules (angstroms) 


| Fo 1.42 HF 0.92 
| Clo 1.99 HCI 127 
| Bro 2.28 HBr Al 
lo 2.67 HI 1.61 
CIF 1.63 Ho 0.74 
BrCl Pa Aye! No 1.094 
BrF 1.76 O2 1207 | 
ICI 2.32 NO 1.151 | 
CO 1.128 


If a substance does not crystallize convenicntly, there are other techniques 
available to measure its bond distances. The most important of these is molec- 
ular spectroscopy. Just as the spectrum of the hydrogen atom is determmed 
by the mechanics of the clectron-nucleus system, the spectrum of a molecule 1s 
determined by the mechanics of its several nucler and electrons. By analyzing 
molecular spectra, it is possible to locate very accurately all the nuclei in a 
molecule relative to one another and thus to obtain a very detailed picture of 
the nature of the structure of a molecule. Subsequently we shall mndicate some 
of the details of how molecular spectra provide structural information. For the 
present, however, we shall concentrate on the results of such measurements. 

Table 11.3 lists bond distances for several common diatomic molecules. 
Note that in a related series of molecules such as the halogens or the hydrogen 
halides, the bond distance increases with increasing atomic number. Such a 
trend has a reasonable qualitative explanation if we recognize that the bond 
length is the position of greatest stability, or of minimum energy for a pair of 
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Table 11.4 Variation of O—H, C—C, and C—H bond lengths (angstroms) 


Bond Molecule Bond length 
O15 Water, H20O 0.96 
Oi Hydrogen peroxide, H202 0.97 
OS in Methanol, CH30H 0.96 
OH Formic acid, CHOOH 0.96 
oa Hydroxyl radical, OH 0.97 
Ce Diamond 1.54 
Ce Ethane, CoHs 1.54 
Ce Propane, C3Hg 1.54 
Ga Ethanol, CoH50H L585 
CG Neopentane, (CH3)3CH 1,54 
C—H Methane, CH4 1.095 
CA Ethane, CoHe 1.095 
Ci Ethylene, CoH4 1.087 





atoms. The encrgy lowering associated with bond formation has its origin in 
the way the valence eleetrons of the bonded atoms behave, and is opposed by 
electrostatic repulsions betwecn the two nuele1 and between the inner electron 
shells of the two atoms. The strength of both thesc sources of repulsion increases 
as the atoms are brought together. Now as atomic number increases in one 
column of the periodie table, the valenec electrons lic at suceessively greater 
distances from the nuelei. Also, the repulsion between two nuelei must inerease 
as their eharges inerease. Consequently the distance at which the energy of 
bonded atoms is a minimum, or the distanee at which the bond ts strongest, 
tends to inercase as atomic number inereases. 

In discussing bond encrgies we found that the dissociation energy of a par- 
ticular type of bond was largely independent of the molecule in which the bond 
oeeurred. Let us see whether the same is true for bond distances. Table 11.4 
gives a comparison of the O—H, C—C, and C—H bond lengths in various 
compounds. The eonstancy of each of these bond lengths is remarkable, and 
this supports our carlier hypothesis that the properties of a bond are largely 
determined by the nature of the bonded atoms. 

We must now admit that it is possible to find bonds between the same pair 
of atoms that have quite different lengths and cnergies in various compounds. 
Consider the data in Table 11.5. In the compounds ethane, ethylene, and acety- 
lene there is considerable variation in the length and energy of the carbon- 
carbon bond. Rather than look upon this as a violation of the idea that bond 
properties are independent of moleeular environment, it is profitable to take the 
bonds in these compounds as representative of three different types of carbon- 
carbon bond. In the first type, the carbon atoms are each bonded to a total 
of four atoms, in the second, each carbon atom is bonded to a total of three 
atoms, and in the third, cach is bonded to two atoms. When more data are 
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Table 11.5 Variations in bond lengths and energies 





Bond length, Bond energy 
Bond Molecule (A) frealole) 
cc Ethane, H3CCH3 154 83 
Ethylene, HeCCH2 i 146 
Acetylene, HCCH 1.20 200 
=O Hydrogen peroxide, H20o 1.48 48 
O> in BaOe 1.49 
O, in KO2 1.28 
O2 ee 118 
ON 112 150 


examined, it is found that the length and energy of each particular type of 
carbon-carbon bond are approximately constant in a variety of compounds. 
Thus our rule of the invarianee of bond properties is preserved, and in fact it 
has led us to a discovery that two atoms may be bonded together in more than 
one way. We shall see later in the chapter how the existenee of different bond 
types can be explained. 


a. The bond angle @ is the internal angle between lines drawn through FIG. 11.1 
H @— H the nuclei of the bonded atoms. 


Bond Angles 


Tigure 11.1 shows that a bond angle is the mternal angle of intersection between 
two lines drawn through the nucleus of a central atom from the nuelei of two 
atoms bonded to it. Because atoms are in constant vibration, there is no definite 
fixed value for a bond angle just as there is no fixed bond length. However, the 
average angle about which the three atoms vibrate is well defined, and it is 
this to which the term bond angle refers. Bond angles, like bond lengths, are 
determined prineipally from x-ray diffraction measurements and moleeular 
Spectroscopy. 


Table 11.6 The bond angle about the oxygen atom 


Molecule Z X-——O—Y (degrees) 
H2O Water 104.5 
F2O Oxygen difluoride LOS-2 
CloO Oxygen dichloride Tit 
(CH3)20 Dimethyl ether oul 
CH:0H Methanol 109 
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Table 11.6 gives the bond angle about the oxygen atom in a number of its 
compounds. While there is some variation, most of the angles lie in the range 
from 104 to 111 degrees. Similarly, Table 11.7 shows that the H—C—H bond 
angle is near 110° in several simple carbon compounds. As we continue the study 
of descriptive chemistry, we shall find that such regularities in the geometries 
of molecules of a given clement are very common, and consequently it 1s of 
ereat interest to explain why these regularities occur. 


Table 11.7 Variation of the 
H—C—H bond angle 





Molecule Z H—C—H (degrees) 
CH4 109.5 

CH3Cl 110.5 

CHoCle 112.0 

CH3Br iz 

CH: 111.4 

CH30H 109.3 

CoHs 109.3 





When we examime the bond angles in similar compounds of successive mem- 
bers of a group in the periodic table, some more striking resemblances appear. 
Table 11.8 gives the bond angles of the hydrides of Groups IV, V, and VI. 
We find that all the hydrides in Group IV have bond angles of 109.5°, which ts 
called the tetrahedral angle because it corresponds to having the atoms located 
at the apices of a regular tetrahedron. In Group V, all the hydrides have the 
structure of a regular trigonal pyramid. The bond angle about the central atom 
is 107° for NH3 and decreases to 91° for SbH3. In Group VI, there is a similar 
trend as the angle decreases from 104° in water to 89° in HeTe. 

The bond-angle data we have considered point to the fact that the bond 
angles about a central atom are determined largely by the properties of that 
atom alone. This dea is consistent with the approximate constancy of the bond 


Table 11.8 Bond angles for several hydrides 


PAPA a) hm Pelle tl Z H—A= 

(degrees) (degrees) (degrees) 
Ce ee 
CH4 109.5 NH3 107.3 H2O 104.5 
SiH4 109.5 fetes 93.3 HeS 92.2 
GeH4 109.5 AsH3 91.8 HoSe 91.0 
SnH4 109.5 SbH3 91.3 HoTe 89.5 


i A 
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angle about a given atom when different groups are bonded to it. It is also con- 
sistent with the fact that similar compounds of atoms in a given group of the 
periodie table have very similar geometries. In particular, this latter observa- 
tion suggests that the bond angles about an atom are largely determined by 
its number of valence eleetrons, for number of valenee eleetrons is the most 
obvious property that members of the same periodic group have. This is a 
simple idea that ean be expanded to a satisfactory explanation of the relations 
between bond angles. 


Molecular Spectroscopy 


Moleeules, ike atoms, have quantized electronie-energy levels. In addition, 

| however, moleeules have energy levels that are associated with the motions of 
their atoms relative to each other. These internal or relative modes of motion 
usually ean be divided into two groups: vibrational motions assoeiated with 
the stretehing and bending of bonds, and rotational motions, in whieh the 
molecule tumbles in space. To a good first approximation, the total energy 
of a moleeule (apart from its translational energy) ean be written as 


7 7 7 
i Eelecm onic ae ripest oual as Para en al’ 


Eaeh of these modes of motion is quantized, and thus the total energy of a 
moleeule assumes only certain definite values. 

The spaeing of the eleetronic-energy levels is determined by the nature of 
the molecular electronie orbitals that are filled and unfilled, while the stiffness 
or vibration frequency of the bonds determines the spaeing of the vibrational- 
energy levels. The masses of the atoms and the distances between them deter- 
mine the differenee in energy between rotational levels. An experimental 
determination of the spaeing of the various energy levels allows one to ealeulate 
what the bond distanees, bond angles, and vibration frequeneies of the moleeule 
arc, and what its moleeular orbital energy pattern is. Moleeular speetroseopy 
is the study of these energy levels through the interaetion of moleeules with 

light. 

In subsequent seetions we shall diseuss the moleeular orbitals of diatomie 
and polyatomie moleeules and the energy-level patterns in whieh they fall. 
For the present, let us coneentrate on the vibrational and rotational levels of 
moleeules whieh are in their most stable eleetronic state. These internal modes 
of motion for a diatomic molecule are illustrated in I-ig. 11.2. We see that there 
is only one vibrational mode of motion, the stretching of the chemieal bond. 
There are two rotational motions whieh are identieal, exeept that the planes in 
which the two rotations oeeur are mutually perpendieular. The expressions for 
the rotational- aud vibrational-energy levels are in this ease quite simple, as we 
shall now see. 
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Just as the translational kinetic energy of a molecule can be expressed in 
classical mechanies as the square of the linear momentum divided by two times 
its mass, 


a 
| Plinear 
Etrans = is ) 
ie 


the classical rotational energy can be written as the square of its rotational or 
angular momentum divided by two times its moment of inertia i 


2 
Pangular 
gay ae Oy 





(a) (b) 


The internal modes of motion of a diatomic molecule. (a) Vibration of the atoms along 
their line of centers. (b) Rotation about their center of mass. 


The moment of inertia of a diatomic molecule consisting of atoms of masses 
my, and mo and bond distance ry 1s given by 


m4 7N92 


pw 2 
= ——___—_ Mr 
my, + me 


2 
ro 


where 7 is the so-called reduced mass (m,me)/(m, + m2). This classical for- 
mula can be turned into the correet quantum expression if we replace the 
classical angular momentum by the values allowed by quantum mechanics: 


Pangular — \N Js She 1) h, J = 0, 1, 2 3, 
We then get 


_— J(F 4A 


ee oT ) ae) Aaa nc oe 
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for the allowed rotational energy levels. The absorption of a photon of appro- 
priate energy hv can cause the rotational quantum number of a molecule to 
increase by one. The energy change of the molecule is 


ji 
A - ie GT! ae 1) I. 
If J’ = J — 1, we have 
},? 


me agp TY -_ (J — 1)J] 


We i? 
= — (2/] = — J. 
21 I 
Therefore, 1f the energy of the photon absorbed is known, and the initial 
quantum number J is known, the moment of inertia J and bond distance ro 
can be calculated. 


energy 


ro 


, ——e 


The potential energy curve for the nuclear motion in a diatomic molecule. Near the mini- 
mum, the parabola V = 3k(r — ro)? closely approximates the true curve. 


Let us now consider the vibrational energy-level pattern. Taigure 11.3 shows 
how the potential energy of a diatomic molecule varies as the bond 1s stretched 
or compressed from 79, the position of lowest energy. Near the minimum, the 
true potential-energy curve can be fairly closely approximated by a parabola 
whose algebraic expression 1s 


V = dk(r — ro)? = $k(Ar)?. 
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The quantity k is called the force constant of the bond. The origin of this term 
becomes clear if we find, by differentiation, the force exerted by the atoms. 
Since, in general, force is the negative derivative of a potential energy, 


av 
d(Ar)  — d(Ar) 
= —hk(Ar). 


i [Si(Ar)*] 


Thus, k is the proportionality constant between foree and displacement. The 
minus sign indicates that the foree exerted by the atoms 1s in the opposite 
direction from their displacement, and tends to restore them to their most 
stable condition. 

The foree constant & has another interpretation. The first derivative of the 
potential energy V is the slope of the Y—Ar curve: 


dv—Ctisd 
a Ar) © da 








[Ak(ar)*] = (dr). 


The second derivative d?V/d(Ar)? is the curvature of V: 


%) 
a d 
——-—. = —— k(Ar) = k. 
d(Ar)?— d(Ar) 
Thus k is the curvature of the potential-energy curve near its minimum, where 
the parabola is a good approximation to the true curve. 
° e e e ° 2] 

According to classical mechanics, a system with the potential energy 4k(Ar)° 

will oscillate sinusoidally or harmonically with a frequency v given by 


1 paw 1/2 
y= ore (h/t) - 


where k ts the force constant, and fi is the reduced mass mym2/(m, + Mo). 
According to quantum mechanics, such an oscillator has quantized energy 
levels given by 


Oe = (v + s)hy, v= 0, ie 2 Dr Son 


where v is the (integral) vibrational quantum number. Thus the larger k 1s, 
the stiffer is the bond, and the larger is the spacing between vibrational levels. 
It is clear that determimation of the vibrational frequency by molecular spec- 
troscopy allows us to learn the general shape of the molecular potential-energy 
curve near the most stable position. 

We see now that the spacing of the vibrational- and rotational-energy levels 
is determined by the stiffness and length of the bond, as well as the atomic 
masses. The bond distance and force constant are themselves determimed by 
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the electronic structure of the molecule. If the molecule becomes electronically 
excited, it is very likely that the values of & and ro in the excited electronic 
state will be significantly different from their values in the ground electronic 
state. By careful analysis of spectra in which electronic excitation occurs, it 1s 
possible to learn the values of & and ro for both electronic states. This ts how 
the geometric and bonding properties of excited electronic states are determined. 











"| 
J 4 
eh; 4 3 
Excited 
electronic 
state, 
vibrational 
levels 
v 
i 
~0.03 kcal/mole y Rotational 
~100 keal/mole Senne TE levels = 2 
Se ae? = 
OS = 
Lowest SS = 3 
electronic ——— ———————— 2 
state, , eee, 


vibrational eee 1 
levels y. ne ~5 keal/mole 
=> | 
0 
v 


Energy levels of a diatomic molecule. Two electronic states are shown, each with a few 
of its vibrational and rotational levels. The level spacings are not drawn to scale, but 
typical energy differences are indicated. 


Figure 11.4 is a graphical summary of our discussion. The electronic energy 
levels of diatomic molecules are widely separated, often by as much as 100 
keal/mole. The vibrational-energy spacings for each electronic state are fre- 
quently between 1 and 7 kcal/mole. Rotational-energy levels are much more 
closely spaced, differing in energy by less than approximately 0.03 keal. 

Transitions between rotational-, vibrational-, and electronic-energy levels 
involve quite different amounts of energy, and therefore, are induced by 
photons of quite different frequencies. J igure 11.5 shows the relationship 
between the frequency and wavelength of photons and the molecular energy 
changes they induce. Because rotational-energy levels are closely spaced, 
transitions between them involve low-energy photons that are produced in the 
radio-frequency region of the spectrum, and have associated wavelengths of 
about lem. Vibrational changes are induced by photons from the infrared 
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region, whose associated wavelengths are 107 * to 107% em. Photons that pro- 
duce electronic transitions have wavelengths of approximately 5000 A (5 x lOc 
em) or shorter, and lie, therefore, in the visible or ultraviolet regions of the 





spectrum. 
Affects 
inner Affects Affects Affects 
electrons valence electrons vibration rotation 
Visible 

(em) 10-6 1075 10-4 lax 10-? 107! 1 10 
v(sec” !) pe MLS 3x 10!8 3>< 10! 30 0e 
FIG. 11.5 The regions of the electromagnetic spectrum and the molecular energy levels they affect. 


The spectra of polyatomic molecules are somewhat similar to, but much 
more complicated than, diatomic molecule spectra. A polyatomic molecule 
may have three different moments of inertia, and the expressions for its rota- 
tional-energy levels can be quite complex. Nevertheless, bond distances and 
bond angles ean be derived from polyatomic molecular spectra. The vibrational 
spectra of polyatomic molecules are simplified somewhat by the fact that certain 
molecular groups, like C—H, C=O, C=C, —NOz, ete., have very charac- 
teristic vibrational frequencies. The presence of such groups in a molecule of 
unknown structure can be inferred from the vibrational spectrum; and con- 
sequently the infrared spectrum of a molecule is an extremely valuable tool for 
the determination of molecular structure and for chemical analysis. 

We have not mentioned the molecular energy levels which arise from the 
interaction of the nuclear spin or electron spin with external magnetic fields, 
and the interaction of the nuclear asvmmetry (quadrupole) with the electric 
field produced by the molecular electrons. Study of these levels reveals some 
rather subtle features of the distribution of electrons in a molecule. Irom these, 
and the foregoing considerations, it is easy to see why the general area of 
molecular spectroscopy is such an active field of research for chemists. 


11.2 IONIC BONDS 


The varicty of chemical formulas, bond energies, and molecular gcometries 
suggests that a detailed theory of chemical bonding should be very complex. 
This is certainly true. Consequently, in discussing chemical bonds it is common 
to use “models,” or conceptual pictures which sacrifice some accuracy to gain 
considerable simplicity. Accordingly, our discussions will involve two different 


484 THE CHEMICAL BOND Pie 





bond types: the lonie bond and the covalent bond. There are a few situations in 
which either of these extremes is found, but the true value of these two models 
is that most chemical bonds have properties which are intermediate but close 
to one or the other. Consequently we will be able to construct explanations of 
most bonding phenomena in terms of these two extreme bond types. 

In the 1onic-bond model we imagine the particles that are bonded to be 

| spherical entities possessing a net positive or negative charge. Now it is a 
fundamental result of eleetrostatic theory that a spherieal distribution of charge 
behaves as though the net charge were coneentrated at the center of the sphere. 
Consequently the major simplifieation of the ronic-bond model is that we can 
calculate the electrostatic forces acting between ions by using Coulomb’s law, 
just as though the tons themselves were point charges. This approach is not 
exact, and must be refined slightly, but is a good example of how a slight 
simphfieation can lead to some very useful results. 

Tonie bonding is found in the compounds of very clectropositive elements, 
such as the alkali metals, and with very electronegative elements, such as the 
halogens. How do we know that a eompound sueh as solid sodium chloride 
consists of a lattice of positive and negative ions? The facet that the fused salt 
and its aqueous solutions conduet eleetrieity surely is not proof that ions exist 
in the crystalline compound. The best independent evidence for the presence 
of ions comes from spectroscopic investigations whieh show that the chlorine 
nucleus is surrounded by a complete octet of valenee electrons; this is surely 
consistent with the existence of a chloride ion. Supporting evidence comes from 
careful x-ray studies which measure the density of electrons at all points in the 
crystal. It is found that sodium chloride is made up of spherical groups of 10 
and 18 electrons which correspond to the sodium and chloride ions respectively. 
Thus there ts no question that ions exist, and that the eohesive forces in the 
crystal are due to the mutual attraction of the oppositely charged species. 


lonic Lattice Energies 


Let us think about the energetics of the formation of crystalline sodium chloride 
from the elements. The reaction 


Na(s) + 4Clo(g) = NaCl(s) 


is really a very complicated process, since it involves the destruction of the 
bonds both in the chlorine molecules and in metallic sodium, as well as the 
formation of the sodium-chloride erystal lattice. Thus the energy released when 
this reaction occurs, a quantity that measures the stability of NaCl relative to 
metallic sodium and gaseous ehlorine, is determined not only by the properties 
of sodium chloride itself, but by the strength of the bonding in metallic sodium 
and molecular chlorine as well. 
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We can see this even more clearly by referring to Fig. 11.6. There we find 
two processes for the formation of sodium chloride from its elements. One Is 
the direct conversion of elements to compound, the other is a hypothetical 
three-step sequence that accomplishes the same thing. If energy Is conserved, 
the energy released in the direct one-step conversion of elements to the com- 
pound must be the same as is released by following the alternative three-step 
process. 


Na(g)+ of Nat(g)+CI (g) 


Alternative paths for the formation AH vap(Na) 
of solid sodium chloride from its Lael U 
elements. +5 D(Cle) 


a(s) +2C1.(g)——_—__—$_ > Na Cl(s) 
Na(s)+5Cl,(g) AH (NaC) 


The first step in this latter path consists of vaporizing the metallic sodium 
and dissociating the chlorine to atoms. To carry out this step we would have 
to put energy into the system, and the amount required per mole of each kind 
of atom is equal to the sum of the enthalpy of vaporization of sodium, ATS; 
and one-half the bond dissociation energy of chlorine, 3D(CI—Cl). Thus the 
energetics of this first step show how the stability of metallic sodium and 
chlorine molecules affects the energy released by the overall reaction. 

In the second step the gaseous atoms are converted to gaseous ions. To do 
this requires that we put into the system an amount of energy equal to the 
ionization energy of sodium, J(Na), but we get back an amount equal to the 
electron affinity of chlorine. The net energy required is then [(Na) — A(Cl). 

Finally in the third step the gaseous ions condense to the sodium-chloride 
crystal lattice. The energy released by the system in this step is called the 
ionic crystal lattice energy and is a direct measure of the stability of the ionic 
crystal. 

Now let us examine the formation of crystalline sodium chloride in more 
detail. As our starting or reference point we choose the gaseous sodium and 
chlorine atoms. By making this choice, we will be able to concentrate entirely 
on the energetic factors that influence the strength of the ionic bond and we 
will not have to worry about the bonding in metallic sodium or molecular 
chlorine. In order to expose the factors which control the strength of ionic bonds, 
we shall imagine that the formation of the sodium chloride crystal is carried 
out in three steps: the first is the formation of the isolated gaseous ions from the 
atoms, the second is the formation of the gaseous sodium-chloride diatomic 
molecule from the ions, and the third is the formation of the ionic crystal. 
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As we have remarked, to form a gaseous sodium ion and an electron from 
a gaseous atom we must supply an amount of energy equal to the ionization 
energy of sodium, 118.4 kcal/mole. However, by transferring this electron to a 
chlorine atom we obtain an amount of energy equal to the electron affinity of 
chlorine, 83.4 kcal/mole. Consequently, the net energy required to form the 
ions from the gaseous atoms is given by 


Na = Nat +e7 AF =I(Na) = 118.4 
e~+Cl= ClI- AE = —A(Cl) = —83.4 
Na + Cl = Nat(g) + Cl(g) AE = 35.0 


To form the ions from the atoms requires 35 kcal/mole of ion pairs. This result 
by itself is very significant. One “explanation” of chemical bonding which has 
been offered is that bonds are formed because atoms have a “desire” to form 
octets of valence electrons. Our calculation shows that 35 keal are required if 
sodium and chlorine are to do nothing more than form completed valence 
octets. Thus the atoms have no mutual “urge” simply to reach the octet struc- 
ture, and we must look further for a more concrete reason for bond formation. 







U repulsion 


Variation with distance of the potential 


energy of oppositely charged ions. 
Mt+xX- gy Pp y g 


U attraction 


We will consider the formation of a gaseous sodium-chloride molecule from 
the ions. Coulomb’s law of electrostatics shows that bringing two opposite 
charges of magnitude e from infinity to a distance r of each other lowers their 
potential energy by an amount —e’/r. This “attractive” potential energy, 
plotted as a function of distance, is shown in Iig. 11.7. When the two ions are 
quite close together, their outermost electrons start to occupy the same space, 
and a strong repulsive force develops. Correspondingly, a “repulsive” potential 
energy rises abruptly. The sum of the attractive and repulsive contributions 
gives the net potential energy of the two ions, as is also shown in I'ig. 11.7. 
The distance ro at which the potential energy is a minimum is the distance at 
which the ions would come to rest if all their kinetic energy were removed, and 
is the equilibrium bond distance. 
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FIG. 11.8 
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From the shape of the net potential-energy eurve, we can see that the poten- 
tial energy of the ions at their equilibrruam separation is closely approximated 
by the attraetive contribution, —e*/ro, alone. The gaseous diatomic sodium- 
chloride molecule, produced by evaporation of solid sodium ehloride, has been 
studied and its internuclear separation is found to be 2.38 A. ‘Thus the Coulomb 
potential energy 1s 


2 = 10) 2 
: Garett cv —9.68 X 107'* ergs 


ro Doo 10=e cin 
= — 139.3 keal/mole. 


We sce that to this approximation the energy of a mole of diatomie molecules 
is 139.3 keal lower than that of the separated ions. To find the energy released 
when the molecule is formed from the gaseous atoms, we need only combine the 
three steps: 





Na(g) = Nat(g) + e7 AE = 118.4 keal/mole 
Cee Clo) = Cli Ak = —83.4 
Nat(g) -+ Cl7(g) = NaCl(g AE = —139.3 
Na(e) + Clie) = NaCl AE = —104.3 keal 


The fact that the energy change is negative shows that the energy of the 1onically 
bonded sodium and chlorine is lower than that of the separated atoms. The 
reason for the stability of the molecule is clear. Even though some investment 
of energy is required to form the ions, this is more than eompensated by the 
energy due to their mutual Coulomb attraetion. 


Part of a one-dimensional sodium > - 
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While it is possible to obtain and study the gaseous diatomie moleeules of 
the alkali halides at high temperature, these ionic compounds are solids with 
extremely low vapor pressures at room temperature. It is not difficult to under- 
stand this if we examine the simplified model of the solid state shown ei: 
11.8. This is a hypothetical one-dimensional “erystal ” eonsisting of alternate 
sodium and ehloride ions. To find the energy of formation evolved when such 
a crystal is formed from the gaseous ions, we must ealeulate the Coulomb 
potential energy of one sodium ton as it is acted upon by all other ions in the 
erystal. 
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To begin, the two neighboring ehloride ions loeated at a distanee ry eon- 
tribute —2e?/ro to the potential energy, while the two nearest sodium ions 
give +2e°/2r9. The positive sign arises beeause of the repulsion between like 
eharges on the sodium ions. Continuing this proeedure for all ions in the erystal 
gives the potential energy as a sum of an infinite number of terms, which we 
write as 





t} 
ee 

Y= 4S SY... 
TO 27 o 3ro 


2¢7 1 leet I 2 
--2 [0-6-9 +G-)-] 


Sinee eaeh term in the brackets is a positive number, the value of the braeket 
must be greater than 3, the value of the first term. Therefore, U, the potential 
energy, must be more negative than —e?/ro. Consequently, the potential 
energy of a sodium ion in this one-dimensional erystal is lower than it is m the 
diatomic molceule. 

The ealeulation we have outlined can be extended to real three-dimensional 
erystals, and the sum of the infinite series evaluated. The attractive Coulomb 
energy of any ionie lattice ean be expressed as —J/e?/ro, where AJ, ealled the 
Madelung constant, depends on the geometric arrangement of the ions. Jor 
the sodium-ehloride erystal lattice, A/ is 1.75; thus if all other things are con- 
stant, the ronie solid has a 75% lower energy than the gaseous diatomie molecule. 
This extra energy lowering occurs because a sodium ton m the solid is bonded 
through Coulomb forees to all chloride tons in the crystal. The separation of the 
ions in the sodium-chloride erystal is 2.80 A, somewhat larger than that found 
in the diatomie moleeule. Consequently the numerical value of the Coulomb 
energy for the sodium-ehloride lattice 1s 


U = —1.75 ro = —1/9 280 x 10—8 
= —l.44 x 1071! ergs 
= —207 keal/mole. 


e? eh SO alm 2 
r 


Strietly, the lattice energy U is the energy evolved when the solid is formed 
from its gaseous ions. We have evaluated only the contribution due to Coulomb 
forees between the ions eonsidered as point eharges. Beeause of the finite size 
of the cleetron eloud around each ion, there exist repulsive forees between 
neighboring ions that we have not meluded m our ealeulation. The effect of 
these repulsions is to make the actual lattiee energy about 10% less negative 
than the value given by the Coulomb forees alone. Thus the true lattice energy 
of sodium ehloride is —183 keal/mole. Comparing this number with —139.5 
keal/mole, the Coulomb energy ealeulated for the diatomie moleeule, leaves no 
question that the crystal is more stable. This is the reason that sodium chloride 
is a solid with a very low vapor pressure at room temperature. 
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Now that we have a value for the energy evolved when the crystal lattice is 
formed from the gaseous zons, we can find how much energy is released when 
solid sodium chloride is formed from gaseous sodium and chloride atoms. We 
have 


Na(g) + Clg) > Nat(g)+Cl-(g) AE= 35 kcal 
Nat(g) + Cl-(g) — NaCl(s) AE = —183 kcal 
Na(g) + Cl(g) — NaCl(s) AE = —148 keal 


Since AE for the overall process is negative, cnergy is evolved when solid sodium 
chloride is formed from its gaseous atoms. Consequently we can say that 
crystalline sodium chloride is more stable than its gaseous atoms, and the 
source of this stability is Coulomb attraction of the ions in the crystal lattice. 

Now that we have completed our analysis of the energetics of formation of 
sodium chloride from its atoms, it is interesting to see how the ionic lattice 
energy is calculated when the repulsion between neighboring ions is taken into 
account. As we have remarked, this repulsion is a result of the finite size of 
the ions and is of the same nature as the van der Waals repulsions between 
neutral atoms. The refined expression for the potential energy of the crystal 
is now 

72 
ya MELB 
r pit 

The term B/r” represents the repulsions between neighboring atoms, and the 
value of n ranges from 9 to 12, depending on the types of ions in the crystal. 
Often n can be evaluated by studying the compressibility of the crystal. The 
cocfficient B measures the strength of the repulsive forces and differs for dif- 
ferent ions. However, B can be eliminated from the expression for the lattice 
energy by recognizing that at the value of r for which the crystal is most stable, 
U is a minimum and dU/dr = 0. Therefore we carry out the differentiation 
of U: 


Setting this expression equal to zero we get 


2 
po Me pial 
n 


where rp is the distance at which dU/dr vanishes. Substituting the expression 
for B back into the equation for U gives us 


Me?  M e? 
To tl To 


UT = 
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This is the potential energy evaluated at the most stable ionic distance, ro. 
Since 7 1s approximately 10, we see that the true lattice energy is only about 
10% different from the energy of Coulomb interaction alone. 

In general there is very satisfactory agreement between the calculated and 
measured values of the lattice energies of the alkali-metal halides. Having 
accounted for the bond energy of these substances, we can now try to explain 
their formulas. We shall suppose that the formulas found have the lowest 
energy of all those that are possible. Possible ionic compounds are those that 
are stable with respect to their gaseous atoms; this requires that the Coulomb 
potential energy obtained upon formation of the crystal lattice be larger than 
the energy which must be expended to form the gaseous ions from the atoms. 

To see how these two energies depend on the ionic charge, let us examine 
the formation of solid calcium oxide from its gaseous atoms. The reactions and 
associated energies necessary to form the gaseous tons are 


Ca(g) = Cat(g) + e7 AE = 141 kcal/mole 
Cat(g) = Catt(g) + e7 AE = 273 
O(g) +e” = O (g) AH = —34 
O-(g) +e7 = O-(g) AE = 210 


Ca(g) +- O(g) = Catt (g) + O-(g) AE = 590 kcal/mole 


Compared with the analogous process for sodium chloride, an enormous energy 
investment is required. Considerable energy is needed to remove both electrons 
from the calcium atom. Moreover, note that a net of 176 kcal/mole is required 
to attach both electrons to the oxygen atom. Unlike the chloride ion, gaseous 
O~ is unstable with respect to the loss of an electron. 

Now let us see whether the lattice energy of calcrum oxide can compensate 
for our expenditure. The Madelung constant for CaO is 1.75, and the interionic 
distance is 2.4 A. Since there is a charge of magnitude 2e on each ion, the 
lattice energy is approximately 


9 2 
= 1.75 622) 
ro 
4x 23 x 1077° 


_— _ —ll1 


= —967 kcal/mole. 


Thus when one mole of solid calcium oxide is formed from the atoms, the energy 
change is 590 — 967 = —377 kcal. This is a considerable overestimate, since 
we have neglected the repulsion of neighboring ions. The correct value of U is 
—862 keal/mole. Although our calculation is crude, it shows that the lattice 
energy increases as the product of the charges on the two ions. This suggests 
that in ionic compounds, each atom would try to assume as great a charge as 
possible. This tendency toward a high charge is limited by the mncreasing values 
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of the sueeessive ionization energies of the atoms. for instance, referenee to 
Table 10.6 shows that to form gaseous Nat* requires an amount of energy 
equal to the sum of the first and seeond ionization energies of sodium, or 118 +- 
1091 = 1209 keal/mole. To form O* requires 176 keal more. Our ealeulations 
for caleium oxide suggest that a lattiee of Na**t and O7 ions could not supply 
more than 1000 kcal/mole lattice energy. Hence NaO cannot be formed: the 
energy required to make the gascous ions is greater than the expceeted lattiee 
encrgy of the crystal. The same conclusion can be reached for all the alkali 
metals. The seeond ionization energy of these elements is so large that the 
characteristic charge of the alkali-metal ions is never more than plus one. The 
alkali-earth metals have two valence ecleetrons which can be removed without 
excessive encrgy expenditure; therefore they ean assume a eharge of +2 and 
form extremely stable ionic compounds. 

Just as the maximum positive charge which can be assumed by an element 1s 
limited by its number of valence electrons, the maximum negative charge of 
an ion is set by the number of vacancies in low-energy valence orbitals. Lor 
example, all the halogen atoms can aceept one electron to fill their valenee 
p-orbitals. There are then no more low-cnergy orbitals available to aeeept 
additional electrons. The oxygen and sulfur atoms have two vacaneies im their 
valenec p-orbitals. Both these atoms readily aecept one additional eleetron, 
but as we have noted above, O~ and S~ are unstable with respect to loss of an 
electron when they are isolated. However, the doubly negative ions exist in 
ionie crystals where the extra lattice energy from the double eharge eompen- 
sates for the instability of the isolated ion. 

A possibility for formation of a triply negative ion exists for nitrogen and 
phosphorus, which have three half-filled valenee p-orbitals. In some eom- 
pounds, such as Mg3Nz and Mg3Ps, the nitride and phosphide tons, N7~? and 
P—*, are believed to exist. Judging from the relative instability of O~ and S™, 
it is not surprising that examples of triply negative ions are rare. In general, 
then, the number of valenec orbital vacancies appears to limit the number of 
eleetrons whieh an atom can acquire, and the more highly eharged negative 
ions tend to be unstable. 
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We have ealled attention to the abrupt rise in the potential energy that oecurs 
when two ions are brought closer than their equilibrium separation ro, and have 
attributed this rise to the overlapping and repulsion of the outermost eleetrons 
of the ions. We would expect then that the distanee at whieh the repulsion 
becomes important should be determined in large measure by the extension of 
the elcetron “cloud” that surrounds caeh ion. Of eourse, this eharge eloud 
extends to infinity, but the electron density at any distance from a partieular 
isolated ion is determined by the electronic strueture of that ion. This in turn 
suggests that we might try to characterize eaeh ion by a radius, and hope that 
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the mternuclear separation m any 1onie compound could be calculated to a good 
approximation by adding the radu of the positive and negative ions. 


scheme 1s 10 fact workable. 


Table 11.9 lonic radii (angstroms) 


Om as 
eo | 1.33 







Mgtt 
0.65 


0.30 











Si Cl~ 
1.81 









Cant 
0.94 





Se~ Bis 
1.96 








1.10 






en II nee ened 






Te~ |— 


2.22 | 2.19 | 


Batt 
| p77 }) 1.29 






This 


From x-ray measurements on a crystal it 1s possible to determine the separa- 
tion of the nuclei of adjacent ions. In order to assign tonic radii, one must find 
some basis for dividing the observed internuclear separation for sodium chloride, 


for example, into a contribution from Nat and a contribution from Cl7. 


We 


will not explore the detailed basis for this division, but merely say that from a 
few observed internuclear distances it has been possible to generate the set of 
1onic radi shown in Table 11.9. These tonic radii should not be taken to mean 
that the electronic cloud does not extend beyond a certain distance; the only 
quantitative significance of ionic radu ts that when they are added together 
| they give a good approximation to the observed interionic spacing. As the com- 
parison in Table 11.10 shows, the agreement between calculated and observed 


ies 
Radius sum C]— 2.49 
Observed distance 2.57 
Radius sum |~ 2.87 
Observed distance 3.02 





internuclear separation is good, but not exact. 


Nat 


279 
2.81 


Sele 
3.23 


Kt 


3.14 
3.14 


S197 
3.55 


Rbt 


329 
J.28 


3.67 
3.66 


Table 11.10 Interionic distances in some alkali-halide crystals (angstroms) 


Cou 


3.48 
3.47 


3.86 
333 


Examination of Table 11.9 shows that the trends in 1onie size are what we 
might expect on the basis of the electronic structures of the ions. In each column 
of the periodic table the ionic radius mereases with atomic number. This is 
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cousistent with the fact that electrons of suceessively higher prineipal quantum 
number are found, on the average, at successively greater distanees from the 
nueleus. Furthermore, eomparison of positive and negative ions whieh have 
the same number of eleetrons, for example, Nat and F'~, IX* and Cl7, shows 
that the negative ion is always the larger. The reason for this is that the nega- 
tive ion has a smaller nuclear eharge and consequently a more expanded eharge 
eloud than the positive ion. The effeet of increasing nuelear charge ean also 
be seen by eomparing the sizes of isoeleetronic positive ions. I‘or example, 
Alt? is smaller than Mg*™, whieh in turn is smaller than Nat; all have the 
(1s)?(2s)?(2p)° configuration. 


Table 11.11 Crystal-lattice energies of the alkali halides* (kcal/mole) 





Lif 246.7 NaF Ze JMis) 0, KF 194.3 
LiCl 202.3 NaCl 186.0 KCl 16973 
LiBr 1930 NaBr Wer, KBr 161.8 
Lil 180.0 Nal [6a Kl iDa,3 
RbF 185.4 CsF i753 
RbCl 162.3 CsCl L555 
RbBr 15529 CsBr 149.3 


Rbl 147.3 Csl 141.4 


* The positive values given here are the energies required to vaporize the solid 
to the separated ions. 


The ionie radii can be used to understaud the variations in the lattiee energies 
of the alkali halides. Table 11.11 shows that, for any given positive ion, the 
lattiee energy becomes smaller as the negative ion beeomes larger. The same 
trend is found if we examine the eompouuds of any one negative ion: the lattiee 
energy deereases as the size of the positive ion inereases. An even more detailed 
interpretation is possible. Since the magnitude of the lattice energy depends 
on 1/(r,+ r_), the lattice energy will be relatively insensitive to the size of 
the positive ion, if r_>>r,. A eomparison of the differenee in the lattiee 
energies of Lil and Nal with the eorresponding number for Lil’ and Nal 
illustrates this effeet. 

Besides determining internuelear separation, ionie radii influenee the eo- 
ordination number, or the number of immediate neighbors whieh ean be grouped 
around a eentral ion. Figure 11.9 shows the sodium-chloride erystal lattiee, in 
whieh eaeh ion has a eoordination number of six. A sodium ion is surrounded 
by six chloride ions, and eaeh chloride ion is surrounded by six sodium 10ns. 
We might expeet that increasing the coordination number would inerease the 
stability of the ionie lattiee, sinee eaeh ion would then have more near neighbors 
of the opposite charge. In the eesium-ehloride lattiee shown in I'ig. 11.10 the 
coordination number is eight. Aecordingly, the Madelung constant for this 


THE CHEMICAL BOND 712 





lattice 1s 1.763, while that of the sodium-chloride lattice is 1.748. Thus, for 
equal internuclear distanees, the cesium-echloride type of lattice is about 1% 
more stable than the sodium-chloride lattiec. 


The sodium-chloride lattice, showing FIG. 11.9 
the sixfold coordination of the ions. 


Part of the cesium-chloride lattice, FIG. 11.10 
showing the eightfold coordination of 
the ions. 





Despite this apparent extra stability of the cesium-chloride lattice structure, 
most of the alkali halides crystallize in the sixfold coordinated sodium-chloride 
structure. The reason for this preference for the seemingly less stable lattice 
is not difficult to understand. When one tries to paek eight large negative ions 
about a small eentral positive ion, it is found that the distance of elosest ap- 
proach of the positive and negative ions is not determined by r+ r_, but by 
the radius of the negative ion alone. This is illustrated schematically in lig. 
11.11. Beeause of their large size, eight negative ions will “toueh” each other 
before any of them come very elose to the positive ion. In this situation the 
lattice energy is not so large as possible, because the distanee between positive 
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FIG. 11.11 


and negative ions is not so small as r, + r_, the sum of the crystal radii. The 
difficulty is somewhat relieved if fewer negative tons are placed around the posi- 
tive ion; this allows ions of opposite charge to approach each other more closely. 


Schematic representation of how the size of the negative 
ion alone may determine the distance between ions of 
opposite charge. 





Thus a coordination number of six is preferred when the ionic sizes are quite 
different, which is the general situation for most of the alkali halides. When 
the ions are of comparable sizes, as in CsCl, CsBr, and CsI, the ions can enjoy 
the slightly greater stability of eightfold coordination. Thus by using the 
geometric properties of the lattices, it is possible to predict which lattice will be 
preferred for a given ratio of ionic radii. In the cesium-chloride lattice all the 
positive and negative tons touch simultaneously if r,/r_ = 0.73. If the cation 
becomes any smaller relative to the anions, the sodium chloride lattice 1s 
preferred. More details of the correlation between ionic size and lattice geometry 
have been discussed im Section 3.5. 
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The essential feature of the tonic bond is electrical asymmetry. Transfer of 
electrons from atoms of low ionization energy to atoms of high electron affinity 
produces oppositely charged ions whose mutual Coulomb attraction results mn 
a stable crystal. However, such a simple picture cannot explain the strong 
bonds in such homonuclear diatomic molecules as Ho, Ne, O2, and Cle. In 
these instances both bonding partners have the same ionization energy and the 
same electron affinity. Consequently there seems to be no reason to expect a 
permanent transfer of charge from one atom to the other, and mdeed the 
measured properties of these molecules show that electrons are symmetrically 
divided between the two nuclei. The formation and stability of these sym- 
metrical molecules are associated with an equal sharing of valence electrons; 
hence they are said to be examples of covalent bonding. In this section we shall 
examine the nature of this electron sharing and see why it produces chemical 
bonding. We must recognize, however, that the covalent bond has many subtle 
features, not all of which can be explained in simple language. Therefore we 
shall try to expose only the aspects of covaleut bonding which have the most 
general applicability, and shall reserve detailed discussion of some special 
situations for later chapters. 
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The Hydrogen-Molecule lon 


The simplest of all molecules is the hydrogen-moleeule ion, Hf, which occurs 
in eleetrieal discharges through hydrogen gas. To those accustomed to thinking 
of eovalent bonding only in terms of pairs of electrons, the existenee of H} may 
seem surprising. Nevertheless, the bond in Hf is quite strong ; 64 kcal/mole 
are required to dissociate the moleeule into its constituent proton and hydrogen 
atom. The equilibrium separation of the two nuclei in Hf is 1.07 A, a distance 
whieh 1s eomparable to other eovalent-bond distanees. These “normal” values 
of bond energy and bond length suggest that in the electronie strueture of HZ, 
we will find at least some of the important properties which are responsible for 
eovalent bonding in all molecules. 

Beeause of its simplieity, HT ean be treated in exaet detail by the methods 
of quantum mechanies. I’rom these theoretical ealeulations, values of the bond 
energy and bond length ean be derived which are in exaet agreement with those 
found experimentally. This sueeess very strongly suggests that quantum 
meehanies provides a eompletely adequate theoretieal framework for under- 
standing the covalent ehemieal bond. 





(a) (b) 


Representations of the electron density in H3: (a) contours of constant density and (b) vari- 
ation of density along internuclear axis. 


In order to extract the qualitative reason for eovalent-bond formation from 
the mathematies of quantum meehanics, we can examine the probability of 
finding the electron at all points in the H} molecule. The graphieal representa- 
tion of the distribution found from the quantum-meehanieal treatment is shown 
in Fig. 11.12. Figure 11.12(a) shows the lines of constant eleetron density 
whieh lie in a plane that eontains both nuelei. The other graph (Fig. 11.12b) 
shows how the ehanee of finding the eleetron varies as we proceed along a line 
that runs through the two nueler. Both representations show that the eleetron 
distributes itself symmetrieally about both nuclei in the molecule. Consequently 
we say that the eleetron moves in a molecular orbital and belongs to the mole- 
eule as a whole, rather than to either nueleus. 

The exaet eleetron distribution in this stmplest of eovalent bonds ts consistent 
with the qualitative eoncept that in eovalent bonds an electron is shared by 
two nuelei. To get a better idea of what the word “sharing” really implies, it is 
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profitable to eompare the eleetron distribution in Hj? with the eleetron density 
around two hydrogen atoms whieh are not bonded. This 1s shown mn Fig. 11.13. 
The eleetron density around eaeh nonbonded atom has been drawn to half 
seale, so that we are really comparing one electron distributed between two 
nonbonded atoms with the one-electron distribution in Hf. The difference in 
density curves then reveals the differenee between the behavior of an electron 
in a bond, and an electron whieh spends half its time near each of two non- 
bonded nuelei. The figure shows that forming the bond moves some of the 
eleetron density from the regions outside both nuclei to the regions near to, and 
in between, the nuclet. 





Electron sharing in the Hi molecule. The dashed lines represent one electron distributed 
between two nonbonded atoms, while the solid line represents the actual variation of 
electron density in H3. 


The potential energy of an eleetron loeated at a distanee ra from nucleus A 


and rp from nueleus B 1s 
- ( 1 1 ) 
— 9 eee acon ae 
TA TB 


Consequently the potential energy of the system is lowest (most negative) when 
the eleetron is very elose to either nucleus, or when it is in a region relatively 
near both nuelei at the same time. It would appear then that bond formation, 
or sharing of the eleetron by two nuelei, permits the eleetron to spend more time 
in regions of space where its Coulomb potential energy is low, thereby lowering 
the total energy of the molecule. Detailed quantum-mechanieal ealeulations 
substantiate this qualitative assessment of the origin of bond energy. 

We ean make a slightly more detailed analysis of the energy ehanges which 
accompany bond formation if we make use of a general prineiple ealled the 
virial theorem. As is shown in Section 2.2, the general form of the virial theorem 
relates the average value of the kinetie energy to the virial, whieh is the sum 
of rF over all particles and coordinates r: 


Rp tO at 
If the foree F 1s given by Coulomb’s law 


F= q192/7"; 
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where q; and q2 are the charges on the particles, we get 


———e 


KE = 3 2) @192/r. 


The quantity qig2/r is just the potential energy of interaction of two charged 
particles, and the sum of this quantity over all particles gives the total Coulomb 
potential energy of the system. Therefore, for a system which obeys Coulomb’s 
law, the average potential energy and the average kinetic energy are related by 


KE = —4PE. 


The total energy of the system is 2 = KE -+ PE, so using the virial theorem, 
we can write ee pee. 
&=>KkE+ PE = —KE = $PE. (oleae 


Now let us ask what happens to the total energy when we bring together two 
atoms to form a bond. If the bond is stable, # must decrease, or AH, the change 
in energy, must be negative. According to Eq. (11.1), AF is related to the 
change in the average potential energy by 


AE = 3 APE. 


If AEF is negative, APE, the change in the average potential energy, must also 
be negative. Thus formation of the covalent bond is accompanied by a decrease 
in the potential energy, and this, as we noted, is a result of the shared electron 
spending more time close to, and in between, the nuclei. 


(a) (b) 


Forces exerted by an electron on the nuclei A and B of a diatomic molecule. In (a) the 
electron exerts a force which separates the nuclei, while in (b) the electron tends to bind 
the nuclei together. 


There is another way to show why electron sharing tends to hold atoms 
together. Instead of thinking about the energy of the molecule, we consider the 
forces that an electron exerts on the nuclei. If, as shown in Fig. 11.14(a), an 
electron is in the region “outside” of both nuclei, the force, e?/rz, which it 
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FIG. 11.15 
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exerts on the nearer nucleus is greater than the force, e?/77, it exerts on the 
farther nucleus. If we resolve those forces into components perpendicular aid 
parallel to the internuclear axis, as shown in I*rg. 11.14(a), we find that the 
electron tends to draw both muclei in the direction of the internuclear axis, but 
with different forces. The difference between these two forces 1s a net force 
which tends to separate the nuclet. Therefore, whenever an electron is in the 
region “outside” both nuclei, it exerts forces which tend to oppose bond forma- 
tion. However, when an electron is between the nuclei, the forces it exerts tend 
to draw the nuclei together, as shown in Fig. 11.14(b). The hyperboltie surfaces 
which separate the regions where the electron tends to bmd or separate the 
nuclei are shown in lig. 11.15. If we compare these boundary surfaces with 
the electron distribution in Hj, we see that bonding is accomplished by allow- 
ing the electron to spend time in regions between the nuclei, where the forces 
it exerts draw the nuclei together. 





Boundary surfaces for electron binding in a homonuclear diatomic molecule AB. Any 
electrons in the shaded region serve to bind the nuclei together. 


A little reflection shows that covalent and ionie bonding are alike in that 
both result from a redistribution of electron density which causes the total 
energy of the system to decrease. The difference between the two types 1s that 
we can easily characterize the redistribution associated with tonic bonding by 
saying that an electron is transferred from one atom to another, while the 
redistribution associated with covalent bonding is much more subtle and difficult 
to describe. While we can distinguish between the complete electron transfer of 
ionic bonding and the equal electron sharing which occurs in covalent molecules 
like HZ, we should realize that these are not two rigid classifications into which 
all bonds can be forced. We will find that in most chemical bonds there is an 
unequal sharing, or partial transfer of electrons; distributions result which are 
intermediate between the two extreme models. The existence of a continuous 
range of bond properties from extreme ionic to extreme covalent is not hard to 
understand if we recognize and remember the similarities, as well as the differ- 
ences, between ionie and covalent bonding. 
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The molecular orbital that we have examined is only one of many possible 
orbitals of H3 whieh the eleetron may occupy. It is, however, the orbital of 
lowest energy, and since its oeeupanev leads to a stable bond it is called a 
bonding molecular orbital. The lowest-energy excited eleetronie state of HZ 
eorresponds to the eleetron occupying the molecular orbital shown in lig. 11.16. 
Note that once again the eleetron divides its time equally between the two ends 
of the molecule. However, in the important regions between the nuclei there is 
a deficiency of electron density. The electron spends most of its time in the 
peripheral regions, relatively far from both nuclei. All of these features eontrast 
with the properties of the low-energy bonding orbital discussed earlier. Con- 
sequently it should not be surprising to find that Hj in its lowest excited state 
is unstable with respect to dissociation to a proton and a hydrogen atom. Not 
only does no bond exist in this state, but there is a strong repulsive foree 
between the two fragments. This exeited eleetron distribution is therefore ealled 
an antibonding orbital. Its properties emphasize that the mere sharing of an 
electron by two nuclei does not automatically lead to bond formation. The impor- 
tant factor in bond formation is that the eleetron is shared in such a way that 
the total energy of the system decreases. This occurs when an eleetron oeeupies 
a bonding molecular orbital, but does not when the electron enters an anti- 
bonding orbital. 


(a) (b) 


The antibonding orbital of H}: (a) contours of constant electron density and (b) variation 
of electron density along internuclear axis. 


The consequences of putting the electron in the bonding or antibonding 
molecular orbital of H} are summarized in Fig. 11.17. We see there the total 
energy of the system H* + H plotted as a function of the separation of the 
two nuclei. At great internuclear distances the energy of the system is rather 
insensitive to the magnitude of the separation. When the nuclei are near eaeh 
other, there are two possibilities. If the electron is in the bonding orbital, the 
total energy of the system is less than that of the separated partieles Ht + H, 
and consequently we say a bond has formed. The minimum in the energy 
corresponds to the most stable eonfiguration, and oecurs at the equilibrium 
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FIG. 11.17 


bond distance. The depth of this energy “well,” corrected for the zero-point 
vibrational energy 4hv, is the bond dissociation energy D(H). If the electron 
in HZ occupies the antibonding orbital, the total energy of Hf at any finite 
internuclear distance is greater than the energy of the separated fragments 
Ht -- H. This is represented by the upper, or “repulsive” energy curve in 
Pig.it Le 


E (keal/mole) 


160 
120 
SO 
40 7 
0 H*++H 
— 40 
— 80 r(A 
R (A) 
The total energy E of the H? system as a function of internuclear distance r. The lower 
curve represents the situation when the electron is in the o-bonding orbital, while the 


upper curve gives the behavior of the energy when the electron is in the o*-antibonding 
orbital. 
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Our examination of Hf revealed the basic phenomenon from which the covalent 
bond derives its stability. However, the existence of the covalent bond has 
been commonly associated with the sharing of two electrons whose spins are 
opposite, or paired. Consequently the idea of “pairing two electrons to form a 
bond” has been an important empirical concept in valence theory. 

Why is it important that the two electrons involved in a covalent bond have 
opposite spin? To find out, we need only examine the bonding in the hydrogen 
molecule from the point of view of the Pauli Exclusion Principle. Tor atoms, 
the Exclusion Principle states that no two electrons may have the same set of 
quantum numbers, and we saw in Chapter 10 that this means that two electrons 
may occupy the same atomic orbital only if they have different spin. The 
Exclusion Principle applies to the occupancy of molecular orbitals in the same 
way. Thus the consequence of the Exclusion Principle is that only two electrons 
may occupy the same molecular orbital, and then only af they have opposite spin. 
With this in mind, let us build the hydrogen molecule by starting with the two 
nuelei and feeding the electrons into the available molecular orbitals. 
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Just as atoms can be constructed by using orbitals resembling those of the 
hydrogen atom, molecules can be made up of molecular orbitals resembling those 
of HZ. At this point we are aware of two of these molecular orbitals; one is the 
low-energy bonding orbital, and the other is the higher-energy antibonding 
orbital. The first electron in H» will then surely occupy the low-energy bonding 
orbital. If the spin of the second eclectron were the same as that of the first 
electron, only one of them could occupy the bonding orbital, and to avoid 
violation of the Exclusion Principle, the second electron would be forced into 
the antibonding orbital. The result would then be an energized molecule, and 
experiments show that this molecule is unstable with respect to dissociation to 
the atoms. On the other hand, if the spins of the two electrons are opposite, 
or paired, both electrons can occupy the low-energy bonding orbital without 
violating the Pauli Exclusion Principle and thus both can contribute to the 
bonding of the molecule. The role of electron-spin pairing in chemical bond 
formation is therefore somewhat indirect. Pairing of the spins allows both 
electrons to behave in a way which strengthens the bond. 

The increased effect of two bonding electrons is reflected by the bond energy 
and bond length of the hydrogen molecule. It takes 104 kcal/mole to dissociate 
hydrogen to its atoms; this is over 50% greater than the bond energy of Hf. 
Furthermore, the internuclear separation of H». 1s 0.74 A, which is less than the 
bond distance in Hf by 0.3 A. Thus in H, the two electrons are better able to 
overcome the nuclear Coulomb repulsion and bring the two nuclei closer together 
than their equilibrium separation in Hf. 

We have developed an argument that rationalizes the fact that many 
covalent bonds involve the sharing of a pair of electrons by two atoms. Can 
we use our argument to discover why two helium atoms do not form a stable 
diatomic molecule? Imagine building the hypothetical Hes molecule by starting 
with the two nuclei and feeding the four electrons into the available molecular 
orbitals. The first two electrons, with opposed spins, would occupy the low- 
energy bonding molecular orbital which we have used in H} and Hy. The 
third and fourth electrons would then be accommodated in the antibonding 
orbital. The net result of two bonding electrons and two antibonding electrons 
is no bond at all. In fact, experience shows that the effect of antibonding elec- 
trons is stronger than that of bonding electrons, and consequently there is a 
very strong repulsive force between the two atoms when they are closer than 
2k. 

It is of interest now to compare the energies of the species H}, Hz, Hef, and 
Hes as a function of their internuclear separation, since in these molecules there 
are respectively 1, 2, 3, and 4 electrons in the bonding and antibonding molecular 
orbitals. Figure 11.18 shows that as one proceeds from Hf to He, the bond 
strength increases. In passing to Hef, the bond energy decreases, since Het 
has one antibonding electron in addition to the two bonding electrons. Finally 
in Hee, the presence of two antibonding electrons prevents bond formation, as 
discussed above. 
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FIG. 11.18 
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Total energy as a function of distance for H$, H2, He}, and He2. For He2, the bonding due 
to van der Waals forces is too small to be seen on this scale. Note that the (0)2(0*)! con- 
figuration in Hes gives a weaker bond than the one @ electron in H>. 
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As we examine the electronic structures of different molecules we will encounter 
a varicty of molecular orbitals that must be described and classified if they are 
to help us understand chemical properties. The first step in classifying a 
molecular orbital 1s to specify whether it 1s bonding or antibonding. Second, 
something must be said about the general shape of the electron distribution. 
The orbitals we discussed in Section 11.3 were cylindrically symmetric; the line 
which joined the two nuclei formed a natural symmetry axis for the electron 
distribution. Molecular orbitals that have cylindrical symmetry and are bonding 
are labeled as g-orbitals; those that are cylindrically symmetric and antibonding 
are denoted by o%*. 

The third aspect of the classification of molecular orbitals has to do with the 
behavior of the molecular orbital as the bond is broken. Imagine pulling the 
hydrogen molecule apart into its constituent atoms. As the atoms separate, 
the molecular orbital occupied by the two electrons changes shape and even- 
tually separates into two atomic Is-orbitals. This suggests that we might 
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describe any molecular orbital by giving the atomic orbitals into which it sepa- 
rates when the atoms are removed from each other. Thus the molecular orbital 
in the hydrogen molecule 1s described as o1s, which indicates that it is eylin- 
drieally symmetric, bonding, and separates to give Is atomie orbitals. In a 
similar manner, the bonding orbital in the fluorine moleeule is designated as 
g2p, which shows that it 1s cylindrically symmetrie, bonding, and separates into 
two fluorine 2p atomie orbitals. 

The idea of classifying molecular orbitals by the atomie orbitals into which 
they separate has a useful dividend. Note in Fig. 11.13 that the o1s-orbital of 
molecular hydrogen resembles two 1s atomie orbitals which have been partially 
superimposed. Consequently we might picture the moleeular orbital as being 
“built” of two overlapping atomic orbitals. This deseription of a molecular orbital 
is not exact, but 1t does have some useful consequenees whieh offset its laek of 
ngor. Pieturing a molecular orbital as built of two atomic orbitals gives us a 
scheme by which we ean describe, at least approximately, something which is 
complicated (the moleeular orbital) in terms of something reasonably familiar 
(the atomie orbital). Moreover, the idea suggests a useful empirical rule for 
predicting the number of eovalent bonds which an atom can form. Sinee our 
discussion suggests that formation of a fully oeeupied bonding orbital ean arise 
from a half-filled atomie orbital of each of two atoms, the number of covalent 
bonds formed by an atom should be equal to the number of half-filled valence orbitals 
wt can have. For example, the fluorine and hydrogen atoms eaeh have only one 
half-filed atomie valence orbital, and each almost invariably forms only one 
eovalent bond. The oxygen atom has two half-filled orbitals and echaracteris- 
tically forms two covalent bonds, as in H,O and F2O. Similarly, the nitrogen 
atom has three half-filled p-orbitals and forms NH3 and NF 3. 

The carbon atoms provides an interesting test of the rule since in its normal 
electron configuration carbon has only two half-filled orbitals: 1s?2s?2p,2p). 
However, the maximum number of half-filled orbitals it can have is four: 
1s72s'2p22p)2p;. Indeed, carbon charaeteristically forms four covalent bonds, 
as in CH, and CI*4. Boron provides a similar example. Even though in its 
normal electron configuration, 1s?2s?2p!, it has only one half-filled orbital, the 
maximum possible number of partially filled orbitals is three. Correspondingly, 
boron does form three covalent bonds in BI'3, B(OH)3, and other of its com- 
pounds. Both these examples show that the number of covalent bonds which 
an atom will form may be given by the maximum number of half-filled orbitals 
which the atom ean have, rather than by the actual number in the ordinary 
electronic coufiguration. 

The ion NH} might appear at first to violate our simple rule, since it suggests 
that the nitrogen atom, which has a maximum of three half-filled orbitals, can 
form four covalent bonds. This difficulty is removed if we recognize that NH} 
can be thought of as a compound of N* and four hydrogen atoms. Like the 
carbon atom, N* can have a maximum of four half-filled valence orbitals, and 
this is consistent with the formation of NH?. Similarly, the ions BH] and 
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BF 4 present no problem if they are thought of as compounds of B~ and four 
hydrogen or fluorine atoms. 


Electron-Dot Structures 


A primitive but often convenient way to represent the disposal of electrons m 
molecules is to use electron-dot structures. Thus the equation 


H-+H-—- uH:H 


symbolizes the formation of an occupied bonding orbital by the overlap of two 
half-filled atomic orbitals. Similarly, the structure 


1s ed he 


is a simple way of saying that in HIE there is an electron-pair bond and that six 
of the valence clectrons of fluorme are “nonbonding”; that is, they remaim 
localized near the fluorine atom and do not participate in the bonding. Electron- 
dot formulas allow us to decide rapidly how many bonds an atom may form. 
If we write the nitrogen atom as 


uN 
then it is immediately clear that three covalent bonds can be formed: 
H 
-N-+3H: > :N:H 
H 


While electron-dot structures can be helpful, they must be used and imter- 
preted carefully. The true geometry of molecules is often ignored in electron-dot 
structures for typographical reasons. Molecules like NH3, which have a three- 
dimensional structure, are often represented as planar, as we have done. We 
will encounter other limitations of clectron-dot structures in subsequent sec- 
tions, where we will find that some molecules cannot be represented by only one 
electron-dot structure. 
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Another simple device that can sometimes be used to decide how to represent 
the electronic structure of a molecule is the octet rule, which states that an 
atom other than hydrogen tends to form bonds until it is surrounded by cight 
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electrons. As the formulas 
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show, the rule is consistent with the behavior of atoms m the second row of the 
periodic table. Jor these atoms the octet rule is equivalent to our statement 
that the number of covalent bonds equals the maximum number of half-filled 
atomic orbitals. Atoms of the second periodic row have only four valence orbitals 
and thus cannot form more than four covalent bonds. In forming these bonds 
they can surround themselves by no more than 4 X 2 = 8 electrons, exactly 
as suggested by the octet rule. 

The octet rule is often not obeyed by atoms outside the second row of the 
periodic table, and thus it is of somewhat limited value. For example, phos- 
phorus forms two chlorides, PCl3 and PCl;. The first of these is analogous to 
NH3 or NCl3 and obeys the octet rule. However, in PCl; the phosphorus atom 
is surrounded by ten electrons. While this compound violates the octet rule, 
its formation can be understood in terms of the maximum possible number of 
half-filled valence orbitals available in the phosphorus atom. Usually the con- 
figuration of the valence electrons in phosphorus is 3s73p23p,3pz. However, 
the 3d-orbitals of the atom are not much higher in energy than the 3p-orbitals, 
and consequently we can say that the maximum number of half-filled valence 
orbitals is five, corresponding to the configuration 3s'3p73p)3p,3d'. 

Other “violations” of the octet rule, such as the existence of SI°g and SI°4, 
can be rationalized in a similar manner. The sulfur atom has the valence- 
electron configuration 3s°3p23p}3p;, and does form compounds like H4§, 
whose formulas seem directly related to this electron configuration. However, 
the sulfur atom can also have four half-filled valence orbitals as m the configura- 
tion 3s°3p23p,3p.3d', or six half-filled orbitals as in 3s'3p23p}3p23d'3d'. The 
existence of these possibilities provides a simple way of explaming the formulas 
of SI'4 and SI’, respectively. Consequently the rule that the number of covalent 
bonds an atom forms is related to the possible number of unpaired valence 
electrons it can have is consistent with the formulas of a much larger number 
of compounds than is the octet rule. Nevertheless, the octet rule does provide 
a useful guide to the electronic structures of many compounds, particularly 
those containing elements from the second row of the periodic table. 

It is appropriate to remark that the trick of rationalizing apparent violations 
of the octet rule by invoking the participation of d-orbitals in the bonding 
scheme is a matter of some controversy. Some scientists feel that the d-orbitals 
lie so high in energy that they should not be treated as valence orbitals, but as 
excited orbitals which cannot confer any appreciable stability to chemical bonds. 
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Others feel that while d-orbitals are of high energy in free atoms, their energy 
decreases as other atoms approach to make bonds. This author has not been 
convinced of the absolute validity of cither side of this argument, and interprets 
the controversy merely as more evidence that the description of chemical bonds 
in terms of a few atomic orbitals 1s a highly approximate procedure. The most 
convineing reason for invoking d-orbitals in chemical bonding is that it is a 
simple idea which works, if it 1s used carefully and not overinterpreted. 

At this point it 1s well to reconsider and review the idea that molecular bond- 
ing orbitals are built of overlapping atomic orbitals. Originally we introduced 
this point of view so that we could describe the electron-charge cloud in a 
molecular orbital in terms of the simpler atomic orbitals with which we were 
familiar. We noted that this description is not perfect. Then we realized that 
the formulas of compounds lhke H2O, NH3, and HI° could be tmmeduiately 
explained if the number of bonds that an atom formed was equal to the number 
of its atomic orbitals that were half-filled with electrons. The 1dea behind this 
statement was that a bonding orbital could be “built” from one atomic orbital 
of each of two atoms, and then occupied by the two electrons originally asso- 
ciated with the atoms. I*inally, to explain the formulas of CH4, BI*3, and the 
hahdes of phosphorus and sulfur, we had to say that the number of covalent 
bonds an atom forms 1s not exclusively related to the number of half-filled 
orbitals it has in the lowest electronic configuration, but 1s related to the various 
numbers of half-filled orbitals it can possibly have. The rule in this form ts 
useful, for it 1s consistent with the formulas of a large number of compounds. 

The idea that molecular orbitals are built from atomic orbitals has more than 
qualitative significance. In the quantum-mechanical treatment of the chemical 
bond, this idea 1s the basis for one method of finding the mathematical functions 
that describe molecular orbitals. The results of these mathematical treatments 
of chemical bonding show that picturing molecular orbitals as being built from 
overlapping atomic orbitals is a severe approximation. Therefore, although this 
approach gives us a simple rule for rationalizing the formulas of molecules, we 
must always keep in mind that the fundamental reason atoms form bonds ts 
that in so doing they reach a state of lower energy. 

Because of the complications and subtlety of electron behavior, the criterion 
that bonds form when half-filled atomic orbitals are possible may be too crude 
to lead to correct predictions in all instances. Therefore, while we can use this 
idea profitably, we must be careful not to use it too rigidly. 
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Having discussed the basis for understanding bond formation and molecular 
formulas, we can now turn to the problem of explaining the various experi- 
mentally observed bond angles. The bond angles m a molecule represent the 
condition of minimum energy for the molecule, and therefore, to rationalize the 
observed structures, we should start by deciding why varying the bond angles 
might affect energy. Since we have pictured the covalent chemical bond as a 
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pair of electrons in a g-molecular orbital largely confined near to and in between 
two nuclei, we can take the attitude that in fixing the angle between bonds, we 
really are fixing the distance between the regions in which the clectrons in the 
two bond orbitals spend most of their time. How ean this distance affect the 
energy of a molecule? 

Our general experience indicates that clectrons try to avoid each other as 
much as possible. Of the two reasons for this, one 1s obvious: there is a strong 
repulsive Coulomb force between two electrons, and the energy of two electrons 
is lowered when the electrons are kept apart. The second reason electrons tend 
to stay apart is more subtle. While the Pauli Exclusion Principle can be inter- 
preted to mean that two electrons with the same spin cannot occupy the same 
atomie or molecular orbital, a more detailed intepretation is that two electrons 
with the same spin have a vanishing probability of being in the same region of 
space. In other words, any two electrons with the same spin tend to avoid each 
other. It is important to realize that this would be true even if the electrons were 
uncharged, for this property 1s a consequence of the Pauli Exelusion Principle, 
and not of Coulomb’s law. 

We find then that all electrons tend to avoid each other because of their like 
charge, but those with the same spin have a particularly low probability of 
being close to each other. These considerations suggest that there is a correlation 
in the instantaneous locations of electrons in atoms and molecules. If one 
electron is localized in a particular region of space, any other electron, especially 
one with the same spin, 1s most likely to be found in some other region of space. 
It is this correlation between the electron locations that is used to explain the 
geometry of molecules. 

Let us consider mercuric chloride, which when vaporized exists as discrete 
gaseous molecules that have a lnear arrangement of atoms, Cl—Hg—Cl. In 
the free mercury atom there are two valence electrons in the configuration 6s”, 
and it is these electrons that are involved in a pair of g-bonds in the HgCl, 
molecule. Why does this molecule have linear geometry? We can see that the 
linear arrangement puts the two pairs of electrons involved in the two bonding 
molecular orbitals as far away from each other as is possible. Moreover, it 
allows electrons with the same spin to have a high probability of being on op- 
posite sides of the mercury atom, as we can sce by representing the molecule by 


Cl tl Hg fl Cl. 
Thus, if there are two pairs of bonding valence electrons around the mercury 
atom, the hnear configuration is hkely to be the arrangement of lowest energy. 


We might expect to find this geometry also in other molecules that have only 
two pairs of valence electrons about a central atom, and indeed, the molecules 


Cl—Zn—Cl, Cl—Be—C], Cl—Mg—Cl, and H3;C—Hg—CHs3 


all have the linear geomctry indicated. 
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FIG. 11.19 
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Now let us examine some molecules that have three pairs of valence electrons 
about a central atom. Tor example, 


' : OH - 
| 
B B B B 
SN ie oN ~~ ia~ 
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and the other halides of boron all are symmetric molecules in which the bond 
angles about the boron atom are 120°. Consequently the boron atom and the 
three atoms bonded to it lie in the same plane. A little reflection shows that this 
is the configuration in which the three pairs of bonding electrons can spend 
much of their time farthest from each other. 

On the basis of the foregoing arguments and data, it is easy to understand 
the geometry of methane, CH,. There are four pairs of valence electrons in 
bonds around the central carbon atom. Electrostatic repulsions will be mini- 
mized, and electrons with the same spin will be farthest apart when the bond 
orbitals are directed toward the corners of a regular tetrahedron, as illustrated 
in Fig. 11.19. Other molecules in which there are four pairs of valence electrons, 
such as NH7, CCly, and Sify, also have tetrahedral geometry. 


The geometry and schematic electronic structure of methane. The hydrogen atoms lie at 
the apices of a regular tetrahedron, and the electrostatic repulsion between electrons 
is minimized. 





FIG. 11.19 H FIG. 11.20 


The geometry and schematic electronic structure of ammonia. The hydrogen atoms lie 
at three of the apices of a slightly irregular tetrahedron, with a nonbonded electron pair 
in the region of the fourth apex. 
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How can we rationalize the structure of ammonia from this point of view? 
As noted in Section 11.2, ammonia is a pyramidal molecule in which the 
H—N—H bond angle is 107°, not much different from the value for the 
H—C—H bond angle in methane. Like methane, the ammonia molecule has 
four pairs of valence electrons about a central atom. However, in ammonia 
three pairs of valence electrons are involved in bonding while the other pair is 
not. It 1s still reasonable to expect that the central nitrogen atom will direct the 
three pairs of bonding electrons to three corners of a tetrahedron, and the pair 
of nonbonding electrons to the fourth corner, as illustrated in Fig. 11.20. The 
tetrahedral geometry is not expected to be regular, since the four pairs of elec- 
trons are not equivalent. Consequently the bond angles in ammonia deviate 
slightly from the regular tetrahedral angles of 109.5°. 

The same argument can be applied to the water molecule. The four pairs of 
valence electrons around the oxygen atom are directed tetrahedrally, to mini- 
mize repulsions. Since the four pairs are not equivalent, the observed H—O—H 
bond angle (104°) does not correspond to the regular tetrahedral angle, but 1s 
only slightly smaller. 

Now we have encountered enough examples to be able to formulate a more 
refined working hypothesis for discussing the bond angles in more complicated 
molecules. It seems that the pairs of valence electrons about a central atom, 
whether bonding or nonbonding, lie in orbitals that are directed in a manner 
that minimizes Coulomb repulsions between the electron pairs and keeps elec- 
trons of the same spin as far from each other as possible. The fact that the 
bond angles in water and ammonia are smaller than 109.5°, the regular tetra- 
hedral angle, suggests that electron pairs in nonbonding orbitals in effect take 
up more space than electron pairs in bond orbitals. 


The geometry and schematic electronic struc- 
ture of gaseous phosphorus pentachloride. 
Thechlorine atoms lie at the apices of a regular 
trigonal bipyramid. 





11.5 MOLECULAR GEOMETRY 


FIG. 11.2! 


Sit 


HIG. 11.22 


52 


As a first application of these ideas to more eomplicated molecules, consider 
phosphorus pentaehloride. The PCl; moleeule has a central phosphorus atom 
surrounded by five pairs of electrons that constitute the bonds to the ehlorine 
atoms. The geometry that minimizes electron interaction 1s the trigonal bi- 
pyramid strueture shown in lig. 11.21. The three “equatorial” ehlorine atoms 
lie in the same plane as the phosphorus atom and the Cl—P—CI angle in this 
plane is 120°. The two “polar” chlorine atoms lie above and below this equa- 
torial plane on the axis of the bipyramid. The angle defined by a polar ehlorine 
atom, the phosphorus atom, and an equatorial ehlorine atom is 90°. Thus the 
polar and equatorial chlorme atoms are not equivalent, and in faet the polar 
P—Cl bonds are a bit longer (2.19 A) than the equatorial bonds (2.04 A). 

Other moleeules with five eleetron pairs have structures related to that of 
PCls. The molecule SI, has the geometry shown in Fig. 11.22(a), where we 
see that one of the five electron pairs occupies an equatorial nonbonding orbital 
while there are two equatorial and two polar bonds to fluorine atoms. The 
distortion of the moleeule from the regular bipyramidal geometry is m the 
direction expected. Tigure 11.22(b) shows that the strueture of Cll’; can also 
be rationalized if we imagine that two of the five electron pairs oeeupy non- 
bonding orbitals in the equatorial plane. 





(a) (b) 


The geometry and schematic electronic structures of (a) sulfur tetrafluoride and 
(b) chlorine trifluoride. In both molecules the electron pairs tend to be directed toward 
the apices of distorted trigonal bipyramids. 


There are several eompounds in whieh a eentral atom makes bonds to six 
other atoms, or is surrounded by six electron pairs. Sulfur hexafluoride, SIg, 
has the regular oetahedral strueture shown in Tig. 11.23. All fluorine atoms 
are equivalent and all —S—F bond angles are 90°. This oetahedral geometry 
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once agam mimimizes electron repulsion between pairs of electrons. Con- 
sequently the species IF’5 and ICl,, which also have six electron pairs about 
the central atom, have structures related to that of SI's, as lig. 11.23 illustrates. 


IF BF 
e;e 
a }¢ Cl 
KF F Ms Cl 
S 
py ap - \ 
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e;e@ @|@ 
F 
(a) (b) (c) 


The geometry and valence electron disposition of (a) SF., (b) IFs5, and (c) ICl4. In each 
case bonding or nonbonding electron pairs lie at the apices of an octahedron. 

The foregoing observations on molecular geometry can be summarized in the 
following way. To predict the approximate geometry of a molecule, determine 
how many pairs of valence electrons, bonding and nonbonding, exist around a 
given atom. These electron pair's will be directed in space in a manner which 
minimizes electron-electron repulsion. Thus 2, 3, 4, 5, and 6 electron pairs lead 
respectively to linear, trigonal, tetrahedral, trigonal bipyramidal, and octahedral 
geometries. When some electron pairs are bonding and others nonbonding, the 
geometry will be distorted from the regular polyhedron, with nonbonded elec- 
tron pairs apparently occupying more space than bonded pairs. 

While we seem to have a satisfactory scheme for explaming the bond angles 
found in the compounds of the nontransitional elements, we must remark that 
there is a good deal of conjecture in the arguments we have developed. We 
have assumed, for example, that we know that in PCls all the bonds consist of 
electron pairs localized between two atoms so that there are five electron pairs 
involved in the bonding. In facet, it is not known whether this is really an 
accurate deseription of the bonding in this molecule, for not enough is known 
about the detarled electron distribution. The same criticism can be leveled at 
our assertions that the bonding in the other molecules is always of the electron- 
pair type; this assumption seems reasonable, but it 1s not known to be true. 
Consequently we must realize that while the scheme we have discussed allows 
us to see regularities and relations between bond angles in different compounds, 
not all the assumptions used in this application have been proved. 
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Hybridization 


In discussing the bond angles m polyatomic molecules, we have avoided deserib- 
ing how the bond orbitals are built from the atomic orbitals. This is the matter 
to which we turn now. To analyze the bonding in polyatomic molecules, it 1s 
helpful to add to our ideas the concept of hybrid atomic orbitals. In order to 
understand what hybrid orbitals are, let us see why they are needed. We have 
remarked that the mercuric-chloride molecule is a linear, symmetric arrange- 
ment of atoms. Both Hg—Cl bonds are of equal length and strength. Can our 
present picture of covalent bonding explain these facts? 

The mereury atom has a valence-electron configuration of G6s*, and thus its 
maximum number of half-filled atomic orbitals is two, consistent with the 
molecular formula HgCly. The most obvious approach to the detailed con- 
struction of the bonds would be to imagine the two electrons of Hg unpaired to 
the configuration 6s'6p'. Then we could pieture one bond being formed from 
the mercury 6s-orbital and a chlorine 3p-orbital, while the other bond was made 
from the mercury 6p-orbital and the 3p-orbital of the other chlorine atom. 
This is an unsatisfactory and incorrect picture, for it implies that the two bonds 
in HgCl. should have different properties, since they are constructed from 
different atomic orbitals. This implication is inconsistent with the experimental 
fact that the two bonds are identical. Therefore we must modify our ideas so 
that they account for the equivalence of the bonds, and this is done by using 
the concept of hybridized atomic orbitals. 


CMC Or. : 
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2sp hybrids 


Schematic representation of the hybridization process. The orbitals are displaced from 
their common origin for clarity, and the sign of the wave function is indicated. 


A hybrid atomic orbital is the result of a mathematical combination (algebraic 
addition) of the functions which describe two or more atomic orbitals. When 
the functions which represent s- and p-orbitals are added, a new hybrid function 
is produced; when the p-function is subtracted from the s-function, a second 
hybrid function results. This hybridization process and its consequences are 
shown in Fig. 11.24. The two ways of combining an s- and a p-function yield 
two sp hybrid orbitals which are equivalent, except that one has its greatest 
electron density in a direction 180° from the other. Since these orbitals effee- 
tively “point” in opposite directions, it is easy to imagine two equivalent bonds 
of a linear molecule being formed from them. 
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Schematic representation of the formation of sp?-hybrid orbitals. Note how the combination FIG. 11.25 
of the positive s-wave function with the positive lobes of the p-wave functions produces a 

large positive lobe in the hybrid function. Similarly, cancellation of the positive s-function 

by the negative p-function lobe produces a small negative lobe in the hybrid. 


By introducing sp hybrid orbitals we can account not only for the equivalence 
of the bonds in HgClo, but also for the linearity of the molecule. However, it 
is fair to ask how “real” hybrid atomic orbitals are. Are they a good description 
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of how electrons behave, or are they just an artificial concept used to patch up a 
failing theory? The answer is that they are Just as real as the hydrogenlike 
atomic orbitals we have been using to describe many-electron atoms. The 
hydrogenlike orbitals are appropriate for describing the behavior of one electron 
at atime. The hybrid orbitals are a very effective way of describing the relative 
motions of two or more electrons at a time. Consequently hybrid orbitals are 
most useful in discussions of the bonding in polyatomic molecules. 

Now let us examine hybridization in situations where there are more than 
two valence electrons. There are three ways of combining an s-orbital and 
two p-orbitals to produce three equivalent sp* hybrid orbitals, as shown in 
Fig. 11.25. The hybrid orbitals are identical in all respects, except that their 
directions of maximum electron density lie 120° from each other, necessarily 
in the same plane. The boron atom has three valence electrons, and we might 
expect it to display this type of hybridization. This is in fact found, for in 
BF 3, BCls, and B(CH3)3 all bonds to the boron atom are equivalent, in the 
same plane, and the angle between any two of them is 120°. We will find that 
there are other molecules that display the planar, triangular geometry about 
the central atom characteristic of sp?-hybridization. 


Schematic representation of the boundary 
surfaces of the four sp? hybrid orbitals. 





Hybridized atomic orbitals provide a satisfactory description of the bonding 
in methane and its derivatives. There are four independent ways of combining 
one s- and three p-orbitals so as to produce four new equivalent hybrid sp*- 
orbitals. The geometric properties of the sp? hybrid orbitals are shown in Fig. 
11.26. Like the bonds in the methane molecule, each sp* hybrid orbital is 
directed toward an apex of a regular tetrahedron. Consequently we say that 
the bond orbitals in methane are formed from carbon sp* hybrid atomic orbitals 
and the 1s-orbitals of the hydrogen atoms. This description ts also appropriate 
for the derivatives of methane obtained by simple substitution for the hydrogen 
atoms, such as CH3Cl, Cl4, ete. Furthermore, the ions NH? and BH7 have 
the same number of electrons as does methane, and the same tetrahedral geom- 
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etry, so the boron and nitrogen atoms are said to display sp?-hybridization in 
these compounds. 

So far we have emphasized the role of hybridization in highly symmetric 
compounds like CH, and BF3, where all valence electrons of the central atom 
are engaged in bonding. Let us now thmk of ammonia NHs3, from the point of 
view of hybridization. We might first imagine four sp® hybrid orbitals about the 
central nitrogen atom. Three of these orbitals would be used to make bonds to 
the three hydrogen atoms, and thus would account for srx of the eight valence 
electrons in the molecule. The remainmg pair of electrons would occupy the 
last sp® hybrid orbital. While an apparent consequence of this scheme is that 
the HNH angle should be 109.5°, the tetrahedral angle, the observed value is 
107°. We have already pointed out that this deviation from tetrahedral geom- 
etry 1s a consequence of the nonequivalence of the four electron pairs. 

The sp*-hybridization scheme can be applied to the water molecule. The 
total of eight valence electrons in HO occupy four sp® hybrid orbitals centered 
on the oxygen atom. ‘T'wo of these four pairs of electrons form the two bonds to 
the hydrogen nuclei, while the other two pairs are nonbonding electrons. If 
this were an accurate picture, the angle between the two bonds in water should 
be 109.5°; the observed value is 105°. Once again the deviation from the regular 
tetrahedral angle can be attributed to the fact that the four pairs of valence 
electrons are not equivalent. 

To describe electron-pair bonding in molecules like PCls and SI, d-orbitals 
have to be brought into the hybridization scheme. The combination of one 
d-, one s-, and three p-orbitals does not produce five equivalent hybrid orbitals, 
but rather a pair of equivalent, oppositely directed orbitals, and another group 
of three equivalent hybrids. The relation between these groups 1s shown in 
Fig. 11.27. The two polar hybrid orbitals make an angle of 90° with the three 
equatorial hybrids, which in turn lie 120° from one another. We have already 
remarked that the five bonds in PCl, are not equivalent, and the dsp® hybrid 
orbitals are consistent with this feature of the molecule. 


dz2 





Schematic representation of the formation of dsp? hybrid orbitals. 
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The situation pertaining to Sl*g and similar moleeules is somewhat simpler. 
Combination of two d-, and one s-, and three p-orbitals does give six d?sp° 
hybrid orbitals that are equivalent to one another. These hybrid orbitals are 
directed to the corners of a regular octahedron, and thus are consistent with 
the geometry of SI’¢. 

From our discussion we ean conelude that it is possible to construct sets of 
hybrid orbitals that have directional properties consistent with the bond angles 
found in many molecules. As a result, we ean picture an electron-pair bond in a 
polyatomic molecule as being formed by the overlap of the appropriate hybrid 
orbital of one atom with an orbital from another atom. It 1s best to think of 
hybridization as a means by which we can retain our picture of localized electron- 
pair bond formation by atomic-orbital overlap, rather than to feel that hybrid- 
ization is the reason why molecules display a given geometry. It 1s not possible 
to see why a certain hybridization leads to a particular geometry without using 
mathematies, and consequently the characteristies of each hybrid set must be 
memorized. However, using the hybridization concept will help us uncover a 
number of regularities in the geometry of molecules, as we shall see m later 
chapters. 
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Farher we noted that one of the differences between 1onie and covalent bonding 
is the nature of the charge distribution. In a covalent bond between two 
identical atoms the bonding electrons are symmetrically distributed about both 
nuclei, whereas in an extreme ionie bond one or more eleetrons are transferred 
from one atom to the other. We anticipated, however, that for the most part 
we would eneounter molecules with intermediate charge distributions in which 
a pair of electrons was shared, but not equally, by two nuclei. This type of bond 
is called polar covalent, sinec it combines the feature of electron sharing with the 
existenee of positive and negative regions, or electrical poles. Covalent bonds 
between different atoms are of this type. 

Gascous hydrogen chloride consists of individual HCl molecules which have 
relatively little attraction for eaeh other; these are characteristies of a cova- 
lently bonded molecule. Yet the electronic properties of the hydrogen and 
ehlorine atoms are different. While the ionization energy of the hydrogen atom 
is 313.6 keal/mole, and that of chlorine is 299 keal/mole, the electron affinity 
of hydrogen is only 17.4 keal, much less than the 83.4 keal/imole of the chlorine 
atom. This differenee in electron affinities shows that the chlorine atom has a 
greater attraction for an additional ecleetron than does the hydrogen atom. 
Consequently we expeet the HCl molecule to be eleetrically asymmetric, or 
polar, with more negative charge concentrated near the chlorine atom, and an 
exeess positive charge near the hydrogen atom. 

Experiments confirm this expectation; HCl is said to have a dipole moment. 
Two equal and opposite charges of magnitude 6 separated by a distance L 
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constitute a dipole and produce a dipole moment p defined by p= 6 X L. 
Thus the size of the dipole moment, proportional both to the magnitude and 
separation of the charges, is a convenient measure of charge asyinmetry in a 
molecule. Two opposite charges of magnitude 6 = e = 4.8 ~ 107! esu 
separated by 1 A have a dipole moment of 4.8 ~ 107'° x 107% = 4.8 x 
10717 esu-em. Consequently, 10713 esu-em is a convenient unit in which to 
measure the dipole moments of molecules, and one debye (abbreviated D) is 
defined as 10~'* esu-em. Thus the dipole moment of two fundamental charges 
separated by one angstrom unit is 4.8 D. 

The dipole moment of the HC] molecule is 1.03 D. We can better appreciate 
what this imphes for the charge asymmetry in HCl if we imagine that in the 
molecule a net charge +6 is located at the hydrogen atom and a net charge — 6 
at the chlorine atom. Since the bond distance of HCl is 1.27 A, the magnitude 
of 6 can be found by dividing the measured dipole moment by 1.27 * 107® em. 
Thus 


= = Se = () A ga? SU. 
aad 1272 10-10 su 


Our calculation shows that the electron distribution in HCl is equivalent to 
net opposite charges of 0.81 X 107!" esu residing ut cach nucleus. This is the 
same as 0.81/4.8 = 0.17 of a full fundamental charge, which shows that while 
the electron distribution is asymmetric, it is surely not accurate to say that 
one electron has been transferred fromm hydrogen to chlorine. Accordingly, we 
say that the bond in HCl is polar, but covalent, not ionie. 

All of the hydrogen halides have dipole moments caused by the relatively 
great attraction that halogen atoms have for electrons. However, the atomic 
quantities which measure this attraction, the ionization cnergy and the eleetron 
affinity, show a gencral decrease in the sequence ¥, Cl, Br, I. Thus we can 
expect the dipole moments of the hydrogen halides to decrease as the atomic 
number of the halogen inereases. Table 11.12 shows that this is what is found 
experimentally. Since the ionization energies and electron affinities of atoms 
close to each other in the periodic table are often very similar, we might expect 
the diatomic molecules of neighboring clemcents to have relatively smal] polarity. 
This is often true, as the examples of CO, NO, and CIF in Table 11.12 show. 


Table 11.12 Dipole moments of gaseous molecules (debyes) 


NH3 1.47 HzO 1.86 HF Lc 
PHs 0.55 HS ee HCI 1.03 
AsH:, 0.22 H2Se 0.4 Her 0.79 
SbHz O512 HeTe <0.2 HI 0.38 
CIF 0.88 N20 0.14 NO 0.16 
CIBr 0.57 NO2 OFs CO Ore 
BrF A-29 Oz 0.52 
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In general, we can expect a dipole moment to be associated with any covalent 
bond between two different atoms. This principle can be used, together with 
measured dipole moments, to make conclusions about the structure of poly- 
atomic molecules. lor example, the existence of the dipole moment of carbon 
monoxide suggests that all carbon-oxygen bonds should be polar, yet the meas- 
ured dipole moment of earbon dioxide is zero. These two faets can be reconeiled 
if the CO». molecule has a symmetric strueture im whieh the polarities of the 
two carbon-oxygen bonds cancel each other. Thus earbon dioxide must have a 
linear symmetric structure, 


= 26-+- On 
OQ———__-C—————_O,, 
rather than a bent structure, 
26-- oe 
C 2 hier. 
= 7 ee Net dipole, 
O O = 


which would have a dipole moment. Similarly, the boron-fluorme covalent 
bond must be polar, because the tonization energies and clectron affinities of 
boron and fluorine are different. However, the boron-trifluoride molecule has 
no dipole moment, because BI’3 has a planar symmetrical structure in which 
the effects of bond dipole moments eancel each other: 


6— 
i 
| 36+ 
B 
i / \ 
I if 
Quite a different situation is found in PI's, which has a pyramidal structure, 
36+ “iy 
Pp 


I I Net dipole. 


Here the dipole moments of the individual bonds add constructively, and a net 
molecular dipole moment is produced. Jf Pls were planar, 1t would have no 
dipole moment. These examples show that the absence or presenee of dipole 
moment in a polyatomic molecule can be a revealing clue to the structure, or 
atomic arrangement, of the molecule. 
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While we have chosen to speak of polar covalent bonds, we might ask how 
polar must a bond be before it 1s considered to be ionic. This is often a difficult 
question to answer. It might be supposed that the electrical conductivity of a 
pure substance would indicate whether or not ions were present. ‘The equiva- 
lent conductivity of a fused salt is the current that hows when 1 volt is applied 
to a pair of plates 1 cm apart between which there is one equivalent of salt. 
Table 11.13 shows the equivalent conductivity of various halides at their 
melting points. It is clear that the alkali halides, our best examples of ionic 
compounds, are good electrical conductors and that the halides of the Group IV 
elements, normally thought of as covalently bonded, are good insulators. 
I'urthermore, electrical conductivity, and hence ionic bond character of halides, 
tends to decrease from left to right along a row, and except for the alkali halides, 
increase from top to bottom in a column of the periodic table. However, there 
is no clear dividing lmne between those compounds which are conductors and 
those which are not. Both BeClz and AICl3 show small, but finite, electrical 
conductivity, demonstratig the presence of a few ions, but suggesting that 
most of the fused salt consists of polar covalent molecules. 


Table 11.13 Equivalent conductivities of fused chlorides (at their m.p., in ohm~?*) 





LiCl 166 BeCle 0.086 BCl3 0 CCl4 


0 
NaCl 134 MeClo 29 AIClz; 1.5 x 1075 SiCly 0 
KCI 104 CaClo 52 ScClz 15 TiCl ano 


Iarlier it was suggested that a compound consisting of small covalently 
bonded molecules would have a relatively low boiling point. In contrast, 1onic 
substances, where the forces which hold the condensed phase together are very 
strong, should have high boiling points. Table 11.14 shows the boiling points 
of several halides. As we suggested, the boiling temperatures of the alkali 
halides are high, while those of the Group IV molecules are low. The trends 
along rows and columns roughly parallel the trends in electrical conductivity. 
Once again, BeCle and AICls have intermediate properties, and it is not possible 
to classify either as an obviously covalent or ionic compound. The failure of 
compounds to fit into either of the two extreme classifications should neither 
surprise nor disappoint us. On the contrary, it is satisfying that there is an 
essentially continuous change in bond properties as the differences in the elee- 
trical characteristics of the bonded atoms steadily become more pronounced, 
and we must expect to fmd other examples of this situation. 


Table 11.14 Boiling points of some chlorides (°C) 


LiC] 1380 BeCle 490 BCls 1220 CCl4 76 


NaCl 1440 MegClo 1400 AICI3 183 SICl4 57 


KCl 1380 CaCle 1600 ocCl3 1000 TiCl4 136 
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11.7 MULTIPLE BONDS 


FIG. 11.28 
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In some molecules, two or even three pairs of electrons serve to bind two atoms 
together. For example, the bond dissociation energy of the nitrogen molecule is 
226 keal/mole, which is nearly three times as large as the dissociation energy 
of most covalent electron-pair bonds. Since one nitrogen atom commonly forms 
single bonds to three other atoms, it is not difficult to imagine that a pair of 
nitrogen atoms would form three electron-pair bonds with each other. The 
electron-dot representation of the bonding in N» 1s 


SIN] ness \ * 
bad e* ¢ «@ s 


which shows that the triple-bond picture 1s consistent with the octet rule. 

To obtain a more detailed picture of the triple bond in the nitrogen molecule, 
we bring together 2 nitrogen atoms, each stripped of its valence electrons, aud 
then feed these 10 valence electrons into the available molecular orbitals. To 
form the molecular orbitals, it is best to start by arranging on each nitrogen 
atom a pair of sp hybrid atomic orbitals, as in Fig. 11.28(a). Two of these 
sp-hybrids overlap and form a o-molecular orbital which accommodates 2 
valence electrons. The other two sp-hybrids point away from the bonding 
region and thus are not involved in bond formation. Each accommodates 2 
electrons, and consequently we have found orbitals for 6 of the 10 valence 
electrons. 


@ @- 


= 





2sp 


(a) 





Wr 


(b) 


Schematic representation of the formation of (a) the a-bond orbital and two nonbonding 
orbitals, and (b) the 77,-bonding orbital of nitrogen. Another 7-bonding orbital is formed 
from p, atomic orbitals. 


THE CHEMICAL BOND | 11.7 


Two of the remaining valence electrons enter a bonding molecular orbital 
formed by the overlap of the p,-orbitals of the two atoms. This is a new type 
of electron distribution which is called a w-bonding molecular orbital, and the 
two electrons which occupy it are said to form a am-bond. As lig. 11.28(b) 
shows, the w-bond does not have the cylindrical symmetry associated with a 
g-bond. A second z-bonding orbital is formed by the overlap of the atomic 
py-orbitals, and accommodates the last pair of valence electrons mm the nitrogen 
molecule. Thus, of the six electrons which link the two atoms, one pair is in 
a o-orbital, the second pair is 1n a 7,-orbital with greatest density in the x-diree- 
tion above and below the internuclear axis, and the third pair is in a 7,-orbital 
with its greatest density in the y-direction. In other words, a triple bond eon- 
sists of one g-bond and two a-bonds. This 1s what we represent when we write 


N=N or ek 


The bonding in other diatomic molecules which have 10 valence electrons 1s 
also properly described by this scheme. The most obvious example is carbon 
monoxide, which has 4 valence eleetrons contributed by the earbon atom and 
6 by the oxygen atom. These 10 electrons are disposed among the 5 orbitals 
just as in the nitrogen molecule, and the large dissociation energy of CO, 
256 kcal/mole, attests to the presence of a triple bond. The ion NO*™, observed 
In gaseous discharges and in crystalline salts, also has 10 valence electrons and 
also has a substantial dissociation energy of 244 keal/mole. Finally, the bond 
energy of cyanide 1on, CN, also a 10-valenee electron molecule, 1s not known 
exactly but has been estimated to be greater than 200 kcal/mole. AI] other 
known properties of CN7 suggest that the carbon and nitrogen atoms are 
triply bonded. 

There 1s a slightly different description of the triple bond, which may be 
more accurate for some molecules. Instead of regarding the o@ component as 
made from the overlap of two sp-hybrid orbitals, we simply take it as generated 
from the overlap of the two pure p-orbitals. In addition, the 2s-orbitals are 
pictured as nonbonding. The corresponding description of N> would be that, 
of the 10 valence electrons, four oecupy nonbonding 2s-orbitals, two occupy 
the g 2p-bonding orbital, and four occupy the two a 2p-bonding orbitals. The 
true picture of nitrogen probably les somewhere between the extremes of sp 
hybridization and pure p= character for the o bond. 

There 1s a double bond between the two carbon atoms im the ethylene mole- 
cule, whose structure 1s shown in Jig. 11.29. To explain the geometry and 
electronic structure of ethylene, we can start with sp* hybrid atomic orbitals on 
each earbon atom. Two of these sp*-hybrids overlap to form a o-bond between 
the two carbon atoms. Four other g-bonds to the 4 hydrogen atoms are then 
made from the remaining lobes of the sp?-hybrids and the 1Is-orbitals of the 
hydrogen atoms. This system of o-bonds accommodates 10 of the 12 valenee 
eleetrons of ethylene. The last pair of electrons enters a a-bonding orbital 
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FIG. 11.29 


BiG. 11.30 
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which results from the overlap of the p,; atomic orbitals of the 2 earbon atoms. 
Thus the double bond m this and other molecules can be pictured as one o-bond 
and one a-bond. 

Besides accounting qualitatively for the large dissociation energy (145 
keal/mole) of the carbon-carbon bond in ethylene, our bond deseription is 
consistent with the geometry of the molecule. The use of sp* hybrid orbitals 
on the carbon atom was, indeed, suggested by the fact that the angles between 
the bonds in ethylene are near to 120°, as lig. 11.29 shows. Moreover, the 
formation of the w-bond ean oecur only when the contributing p-orbitals are 
aligned parallel, which happens only when all the atoms lie in the same plane. 
Rotating the two CHgz groups in opposite directions would destroy the w-bond, 
which is consistent with the experimental fact that ethylene is a planar molecule 
that resists rotation about the C=C bond. 


rt 


= =n 


. 
= = 


H 


4 


The geometry and schematic electronic structure of ethylene. The a-orbitals are directed 
along the bond axes and the 7zr-orbital has its electron density above and below the plane 
that contains all the atoms. 


The rigidity of the double bond has an interesting consequenee which 1s 
displayed by the Nel*s molecule. The two nitrogen atoms can be pictured to 
be sp?-hybridized, and linked by a g—7 double bond. On each nitrogen atom 
one of the sp* hybrid orbitals is used to form a bond to fluorine, and the other 
is occupied by a nonbonding pair of electrons. As shown in Fig. 11.30, the 
fluorine atoms may be on the same or on opposite sides of the double bond 
leading, in this ease, to two isomers which are separable and distinguishable by 
physical methods. Since the isomers differ only mn their geometry and not in the 
sequenee in whieh atoms are arranged, they are said to be geometric tsomers. 
The compound whieh has both fluorine atoms on the same side of the bond is 
ealled the cis isomer; that with fluorine atoms on opposite sides is ealled the 


1.25 A / 


\ NS 
==N aa 
1.44 rad / 
m 115° K Pr 
The structures of the trans and cis isomers 
of NoFe. trans cis 
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trans isomer. The two are separable because they ean only be intereonverted 
by destroying the double bond, which requires considerable energy. 

An analogous situation 1s found in compounds related to ethylene. There 
are cis and trans isomers of 1,2-dichloroethylene, CHCICHCI, whose structures 
are 


Cl Cl H Cl 
eA SA 
C=C and C=C 
/ is i eS 
H H Cl H 
cis dichloroethylene trans dichloroethylene 

ze=-1D i — 0) 


Note that the frans isomer of dichloroethylene has a symmetric structure in 
which the dipole moments of the bonds point in opposite direetions and eaneel 
each other, giving a molecular dipole moment of zero. In cis dichloroethylene 
the dipole moments of the two C—Cl bonds and the C—H bonds are aligned 
roughly in the same direetion, and consequently the molecule has a dipole 
moment. 


The lowest-energy molecular orbital of H}. The nuclei lie FIG. 11.31 
at the apices of an equilateral triangle, and the electron 
density is distributed symmetrically between them. 





11.8 MULTICENTER BONDS 


So far we have encountered situations in which one pair of electrons bond only 
fwo atoms. However, there are many mstances in which one electron pair holds 
several atoms together. In these cases we say that multicenter, or delocalized, 
bonding exists. The simplest molecule which displays multicenter bonding 1s 
Hy, an ion found in electrical discharges through hydrogen gas. There have 
been no experimental determinations of the structure of H7, but because of its 
simplicity, theoretical predictions about it are very rehable. These show that 
ie Is an equilateral triangular molecule and that the two eleetrons occupy a 
molecular orbital which covers all three nuclei, as pictured in lig. 11.31. Con- 
sequently, in He , two eleetrons bond three atoms together. The representation 
of the moleeular orbital in lig. 11.31 is a reasonably aceurate, but not very 
convenient, way of showing the electronie behavior. However, our usual 
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method of representing an eleetron-pair bond by a line or a pair of dots, as m 


isl i H a 
od * Mew 
H H bl H 


eompletely fails to show the most important features of the moleeule: both 
eleetrons visit all three nuelei, and identieal forees hold all pairs of atoms 
together. To retam the simplietty of eleetron-dot or line pretures and stull 
adequately deseribe the bonding mn Hi, we adopt what is known as resonance 
notation. This is a seheme in whieh the true eleetron distribution 1s represented 
by a superposition or blend of several eleetron-dot or line pietures. For H7 


these are 
H + H + H i 
i oll: ‘eile 
H H H le! ip! H 


The double-headed arrows are meant to mdreate that no one of these struetures 
is the true eleetron distribution, but that the three pietures are to be taken 
together to indieate that two eleetrons bond the three nueler in a symmetrie 
fashion. It is conventional to say that Hi is a resonance hybrid of the three 
extreme struetures shown. Note that the need for the eoneept of resonanee 
arises because we choose to represent the behavior of electrons by electron-dot or line 
pictures. Just one of these pietures eannot show that eleetrons visit more than 
two nuelei, so we resort to drawimg several resonanee struetures. Despite this 
rather artifieral nature, the resonanee eoneept does provide a very helpful 
means of diseussing the eleetronie strueture of many moleeules. 

The bond strueture of the earbonate ron, CO; , ean be eonveniently diseussed 
in terms of resonanee struetures. The ion has a planar strueture i whieh all 
earbon-oxygen bonds are identieal: 





a 


pS 
O O 


Sinee only elements of the seeond period are involved, we might expeet the 
oetet rule to be satisfied. However, a little experimentation shows that it is 
impossible to draw eleetron-dot struetures whieh at the same time satisfy the 
oetet rule and show that all C—O bonds are identieal. We ean only draw 


=e -O: 7 :O: 
é _ . _ . 
C me og 

‘io OF 0 Stig o 
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In each of these resonance structures one of the carbon-oxygen links is a double 
bond while the other two are single bonds. Taken together the structures mean 
that all carbon-oxygen bonds are zdentical; there is a o-bond from the carbon 
atom to each oxygen atom, and in addition there is one pair of electrons occupy- 
ing a molecular orbital which binds all three oxygen atoms to the central carbon 
atom. Each C—O link is intermediate between a single and double bond; in a 
sense, each is a 14 bond. 

There are other four-atom chemical species which, ike CO3, have a sym- 
metrical planar structure and 24 valence electrons. Two of the more common 
examples are nitrate ion, NOg, and sulfur trioxide, SO3. Simce both these 
molecules have the same structure and number of valence electrons as COg, 
their bonding can be represented by resonance structures: 


el . 2 1 | 
eS N o> ‘| 
/N oO ~\ haa 
O O O O 
| | | 
5 — Ss eS S 
TNS LOS i 
O O O O O O 


As another example of a group of isoelectronic molecules which require 
resonance notation, consider O3, SOs, and NO. All have 18 electrons, and all 
are symmetrical triangular molecules in which the two bonds are identical: 


— 


O S N 
a ia i” ol 
O O O O O O 


The resonance structures for ozone which satisfy the octet rule and which 
taken together show the equivalence of the two bonds are 


ee ee 
* ° A 
2s i 2 
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* e 2 ° * 
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Analogous structures for SO, and NOs are 
Ss S 
Yon ae 
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The resonance concept is particularly helpful in discussing the properties of 
organic molecules. ‘To take a specific example, a variety of chemical and physical 
measurements show that benzene, CgHg, is a planar regular hexagon of carbon 
atoms, to each of which is attached a hydrogen atom. The detailed bond 
structure cannot be onc of the two obvious possibilities: 


H H 
C C 
Bee Ogi al Bae Cia 
Eee Ca lnleee @ Cai 
C C 
H H 


for in each of these structures there are two different types of carbon-carbon 
bonds. Consequently the molecule is pictured as a resonance hybrid of the two 
structures, which we can briefly indicate by 


OC 


wherc the presence of the carbon and hydrogen atoms is understood. The idea 
that benzene is a resonance hybrid of two conventional structures is consistent 
not only with the geometric structure, but with its chemical properties, as we 
will see in Chapter 16. 
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Since three-quarters of the elements in the periodic table are metals, it is im- 
portant to analyze the nature of the metallic bond. Once again we would like 
to be able to relate the nature and strength of the bonding to the properties 
of the individual atoms, and there are two particularly significant characteristic* 
common to virtually all atoms of metallic elements. First, the ionization 
energies of the free atoms of the metallic and semimetallic clements are generally 
small, almost always less than 220 keal/mole. The exception is mercury, whose 
ionization energy is 240 keal/mole. In contrast, the atoms of the nonmcetals 
usually have ionization energics greater than 220 kcal/mole. The second 
characteristic of a metallic atom is that the number of its valence electrons is 
less than the number of its valence orbitals. This observation is consistent with 
the fact that the metallic clements occur on the left-hand side of the periodic 
table, and are separated from the distinct nonmetals by the elements boron, 
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silicon, germanium, and antimony. Let us investigate the consequences of 
these characteristics and see how they are related to metallic bonding. 

A low tonization energy means that an atom has relatively little attraction 
for its valence electrons and suggests that it has very little affinity for any 
additional electrons. We have stressed that the stability of a covalent bond 
results from the potential-cnergy lowering that valence electrons expcrience 
when they move under the influence of more than one nucleus. If each of the 
two atoms that are being bound has rather slight attraction for electrons, we 
cannot expect the energy lowering of their valence electrons in the molecule 
to be at all substantial. Consequently we should not be surprised to find that 
the atoms of metallic elements form relatively weak electron-pair bonds with 
each other. Examination of Table 11.15 shows that this is true. The bond 
energics of the known diatomic molecules of the metallic elements are all very 
small, and there are many possible diatomic molecules of metallic elements that 
are unknown. Presumably this 1s true because they are not energetically stable. 


Table 11.15 Dissociation energies of molecules 
of metallic elements (kcal/mole) 


Lio Zo Zn co 


Nao 17 Cdo 2.0 
Ko 12 Hgo 1.4 
Rbo 11 Pbo 16 
Cso 10.4 Bio 39 


Nak 14 NaRb 13 


While the interaction of a metallic atom with one other atom does not often 
lead to significant energy lowering, it is possible that greater stability can be 
achieved if the valence electrons of one atom move under the mfluence of 
several other nuclei. It is the second characteristic of metallic atoms, fewer 
valence electrons than valence orbitals, that makes this type of interaction 
possible. The fundamental limitation on the number of electrons that can be 
close to a given nucleus is imposed by the Pauli Exclusion Principle. For free 
atoms, the Exclusion Principle tells us exactly how many clectrons of a given 
principal quantum number there can be. For aggregates of atoms, the applica- 
tion of the Pauli Principle 1s more difficult, but general observations and theo- 
retical arguments suggest that the greatest number of valence electrons of low 
energy, shared or unshared, that can surround a given atom in any aggregate 1s 
equal to twice the number of its atomic valence orbitals. This 1s the basic 
reason for saturation of valence—the reason why NF3 but not NFs5, PCl3 and 
PCls but not PCl-, exist. The fact that the atoms of metallic elements have 
few valence electrons means that when in a condensed phase, each atom may 
share the electrons of many nearest neighbors in a manner that is energetically 
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FIG. 11.32 
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favorable, without violating the Pauli Exclusion Principle. Indeed, the charac- 
teristic feature of metallic crystals is that the coordination number of the atoms 
is high: 8 in the body-centered cubic lattice, and 12 in the hexagonal and cubic 
closest-packed structures. 











(b) 


Formation of molecular orbitals and the accompanying energy change for (a) Liz and (b) Lig. 


As an example of how the high coordination number in metals does not lead 
to a violation of the Exclusion Principle, consider the element aluminum, which 
has a cubic closest-packed lattice. We can take the attitude that each atom 
shares its 3 valence electrons with each of its 12 nearest neighbors. On the 
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average, then, a given atom receives 75 of an eleetron from eaeh of its neighbors, 
or a total of 3 from all its neighbors. Consequently the total average number 
of electrons shared by any atom is 6, 3 of which eome from itself and 3 from its 
neighbors. We see, therefore, that despite the high coordination number, the 
average number of electrons near a single atom does not exceed twice the 
number of valence orbitals. 

So far our argument suggests that the reason metallie erystals are more stable 
than the separated atoms is that in the erystal, the atomic valence eleetrons 
can move m the eleetric field of several nuclei. This tdea ean be extended in a 
way that shows that metals are extreme examples of the delocalized or multi- 
center bonding we diseussed in Seetion 11.8. To see how this eomes about, let 
us imagine building a one-dimensional lithium erystal by bringing together 
two, three, and then many lithium atoms. 

Figure 11.32(a) illustrates the formation of Lig from two lithium atoms. 
The figure shows both the potential energy of an electron and its total energy 
in both the separated atoms and the diatomie molecule. When the atoms are 
brought together, the energy levels of the 2s atomie electrons split into two 
new levels, labeled ¢2s and o*2s, which eorrespond to bonding and antibonding 
moleeular orbitals. In Lis, both electrons occupy the o2s-orbital, but any elee- 
trons in the o2s- or @*2s-orbitals are the property of the molecule as a whole. 
On the other hand, the 1s-eleetrons are largely localized near particular atoms, 
since their total energy is less than that needed to pass over the potential-energy 
barrier that exists between the two atoms. 


E 





Separated atoms Metallic crystal 


The behavior of the energies of the valence orbitals of lithium when the metallic crystal 
is formed from many separated atoms. 


When three atoms are brought together, the situation 1s as pictured im Jig. 
11.32(b). There are three molecular orbitais, and onee again eleetrons in any 
of these orbitals are the property of the molecule as a whole, and not of any 
one particular atom. The situation that obtains when many lithium atoms are 
brought together is shown in Tig. 11.33. For N atoms there are N molecular 
orbitals that arise from the overlap of the 2s-orbitals alone, and the energies 
of these orbitals now form a band of closely spaeed levels. More orbitals are 
contributed by the overlap of the 2p atomic orbitals, and the energies of these 
also lie in a dense band that is joined contmuously to the band formed from the 
2s-orbitals. Any eleetron in one of these orbitals is the property of the crystal 
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as a2 whole, and serves to bind many nuclei together. It 1s in this sense that 
metals represent an extreme case of multicenter bonding. 

The qualitative conclusions we have drawn hold true for three-dimensional 
crystals. In general, all the valence orbitals of the free atoms are converted to 
a group of nonlocalized or multicenter orbitals in the metallic crystal, and the 
energies of these orbitals form a closely spaced group called the valence band. 
One way to describe the electronic situation in metals, then, 1s to picture the 
crystal as a collection of ions Hke Lit immersed in a “sea” of mobile valence 
electrons. This electron sea 1s responsible for the cohesion of metals, and for 
their unique mechanical, electrical, and thermal! properties, as we shal! see in 
subsequent chapters. 


11.10 CONCLUSION 


Chemical bonding is an mteresting but complex subject. In this chapter we 
have exposed the most uscful fundamental concepts, and have suggested a few 
rules which will be helpful in discussing and understanding the relation be- 
tween bonding and chemical properties. However, it must be realized that 
bonding phenomena are so complex that there exist “violations” of almost 
every simple bonding rule. In particular, it was long believed that the rare gas 
atoms could never form any true compounds because of their “complete valence 
octet.” The synthesis in 1962 of the xenon fluorides removed this last “safe” 
appheation of the otherwise flimsy octet rule. Consequently, in order to deepen 
our understanding of the valence rules, and to be sure that they do not need 
revision or modification, we must constantly test them by application to known 
chemical phenomena. This wil! be our purpose in subsequent chapters. 
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11.1 In which of the following compounds would you expect to find the smallest 
separation between the nuclei of neighboring ions? All have the sodium chloride 
lattice structure: NaI, KCl, Lik. Which should have the most stable crystal lattice? 


11.2 If the alkali-halide crystals were truly ionically bonded, their crystal-lattice 
energies would be proportional to 1/ro, where ro is the separation between neighboring 
ions. Use the following data for rg and those in Table 11.11 to show that a plot of 
crystal-lattice energy as a function of 1/ro is linear: 


Lif Zier KF 2.66 A 
LiCl yay a s\ KBr eeO 
LiBr 21a KI 3.53 A 
Lil 3.02 A 


11.3 All of the alkaline-earth oxides have the sodium-chloride crystal lattice structure. 
Calculate the contribution to the lattice energy due to the Coulomb forces between 
ions. The separation in angstroms of neighboring nuclei are: 

MgO 210 SsrO Dave 

CaO 2.4 BaO ZnO 
11.4 By considering the energy factors that determine the stability of ionic crystal 
lattices, and the ease of formation of the free ions themselves, try to explain why 
although both TIF and TIF3 exist, TII exists but TlI3 does not. 


11.5 Predict the geometries of the following molecules and ions: 


ee |e 
TeCl ; Xer hi 
i CuCl 
PbCl, 


Justify your predictions by citing for each case an analogous or isoelectronic species 
whose geometry you know. 


11.6 The sulfate ion, SOT, consists of a central sulfur atom surrounded by four 
oxygen atoms located at the corners of a regular tetrahedron. All the sulfur-oxygen 
bonds are equivalent. Draw the electron-dot structure(s) that are consistent with the 


equivalence of the bonds. 

11.7 What feature of electron sharing is it that gives the covalent bond in Hg its 
stability? Is the sharing of an electron by two atoms a sufficient condition for the 
formation of a stable bond? 


11.8 Phosphorus exists in one of its allotropic forms as P4 molecules. In a P4 mole- 
cule, the phosphorus atoms are at the corners of a regular tetrahedron, each atom 
is bonded to three others, and all bonds are cquivalent. Draw the Pa molecule, and 
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indicate its electron-dot structure. What is the P—P—P bond angle? How does 
this compare with the bond angles in PH3? On this basis do you find the existence of 
P4 tetrahedra surprising or something to be expected? 


11.9 The rule that the number of covalent bonds an atom can form is related to the 
possible number of unpaired valence electrons it can have is consistent with the 
formulas of a large number of known compounds. Show that this rule leads to the 
prediction of the existence of compounds like XeF2 and XeF4. 


11.10 Discuss how electron spin influences (a) the number of covalent bonds an 
atom can form, and (b) the geometries of covalent compounds. 


11.11 The linear geometry of HgCle suggests that we think of the central mercury 
atom as displaying sp-hybridization. What form of hybridization is associated with 
the central atom when the atoms bonded to it are located at the corners of (a) an 
equilateral triangle, (b) a regular tetrahedron, (c) an octahedron, (d) a trigonal 
bipyramid? 

11.12 The antibonding o*1s differs from the bonding ols-orbital of sie in that the 
antibonding orbital has a deficiency of electron density in the region between the 
nuclei. In effect, the o*1s-orbital is divided by a nodal plane of zero electron density 
which is perpendicular to the internuclear axis. With this in mind, draw what you 
think an antibonding 2*2p-orbital should look like. 


11.13. The molecules of nitrogen N=N and acetylene HC=CH are isoelectronic, and 
both incorporate a triple bond. By reviewing the electronic structure of nitrogen, 
predict the geometry of acetylene, and discuss its electronic structure in terms of 
hybridization about the carbon atom, and the type of molecular orbitals occupied 
by electrons. 


11.14 The molecule PF3 is polar, with a dipole moment of 1.02 D, and thus the 
P—F bond is polar. Judging from the proximity of silicon and phosphorus in the 
periodic table, we expect that the Si—F bond would also be polar, but the molecule 
SiF’4 has no dipole moment. Explain why this 1s so. 


11.15 The gaseous potassium chloride molecule has a measured dipole moment of 
10.0 D, which indicates that it is a very polar molecule. The separation between the 
nuclei in this molecule is 2.67 X 10~8 cm. What would the dipole moment of a KCl 
molecule be if there were opposite charges of one fundamental unit (4.8 X 107!° esu) 
located at each nucleus? Is the picture of a completely ionic KCl molecule entirely 
satisfactory ? 


11.16 In nitryl chloride, O2gNCl, the chlorine atom and the two oxygen atoms are 
bonded to a central nitrogen atom, and all atoms lie in a plane. Draw the electron-dot 
resonance structures that satisfy the octet rule and which together are consistent with 
the fact that the two nitrogen-oxygen bonds are equivalent. 


11.17 In the formulas of the following molecules, the element given first is a “central” 
atom to which the other atoms are attached. What do you expect their geometric 
structure to be? AsF3, AsFs, XeFe, AIFyz, PCIT, PCl¢. 


THE CHEMICAL BOND 


CHAPTER 12 


MOLECULAK OKRBITALS 


In Chapter 11 we examined a number of simple descriptions of the chemical 
bond. We emphasized that, regardless of the model or picture of the bond, the 
physical phenomenon responsible for molecular stability is the lowering of the 
Coulomb potential energy that occurs when valence electrons can move under 
the attraction of two or more nuclei. The wave functions that describe how 
the electrons in molecules are distributed are called molecular orbitals. These 
molecular orbitals can be used to calculate the geometry, energy levels, and 
other properties of molecules. It is possible, however, from the qualitative 
characteristics of molecular orbitals, to deduce or rationalize some important 
qualitative properties of molecules. In this chapter we shall extend and broaden 
our ideas about molecular orbitals so that we will be able to use them to under- 
stand the structure and stability of a variety of molecules. 


12.1 ORBITALS FOR HOMONUCLEAR DIATOMIC MOLECULES 


In Section 11.3 we discussed the characteristics of the two molecular orbitals 
of H} which have the lowest energy, ols and o*ls. In preparation for our 
encounter with more complex systems, it is desirable to review and summarize 
what was said about these simplest molecular orbitals. 

By solving the Schrédinger equation for the motion of one electron in the 
field of two fixed protons, it is possible to obtain exact, but quite complicated, 
descriptions of the molecular orbitals of HZ. A description which is mathe- 
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matically much siunpler, though definitely an approximation, ean be obtained 
by regarding these molecular orbitals as Linear Combinations of Atomic Orbital 
Molecular Orbitals, conventionally denoted as LCAO-MO’s. This means simply 
that to find the molecular-orbital wave function, we linearly combine (add or 
subtract) the atomic-orbital wave funetion of one atom with the atomic-orbital 
wave function for the other atom. We have then, for two protons a and b, 


ols — ——— = [W.(18) -|- Yp(1s)], 
V/2(1 +S) 


sf ] 
ols = — 


| TRO eee) 
Vou ‘) 

The factors of 1//2(. + S) normalize the molecular wave funetion so that the 
probability of finding an clectron somewhere in all space is unity. The quantity 
S is called the overlap integral, which is explicitly 


S = | von an, 


where dz is the differential element of volume. The overlap integral S is a 
measure of how closely the two atomic wave funetions coincide. Usually is 
approximately equal to 0.2 or 0.3. 

A pictorial representation of this LCAO procedure appears in Ig. 12.1. 
When the two Is functions are added they reenforee each other everywhere, 
and most notably in the region between the two nuelei. This buildup of electron 
density between the nuclei helps to lower the Coulomb potential energy. As a 
result, this orbital has bonding characteristics and is denoted ols, When one 
atomie orbital is subtraeted from the other, they exactly eaneel cach other in a 
plane mdway between the nuclei, and thereby produee a nodal plane. The 
molecular wave function is of opposite sign on either side of this nodal plane. 
When the wave function is squared, the resulting probability density is of 
course everywhere positive, exeept on the nodal plane, where it is zero. This 
defieleney of eleetron density in the internuclear region helps to raise the 
Coulomb potential energy of the system, and the node in the wave function 
produces an inerease in the electron kinetic energy. Consequently the total 
energy 1s high, the molecule is not bound, and the orbital is deseribed as 
antibonding. 

The phenomena associated with the formation and description of these two 
moleeular orbitals should be noted carefully, sinee they will aid us in the con- 
struetion of other molecular orbitals. Briefly, we ean expeet the following: 
Linear combination of tivo atomie orbitals will produee two molecular orbitals, 
one of higher and one of lower energy than the atomie orbitals. If the moleeular 
orbital has a node between the nuclei, it will tend to be antibonding. If there is 
a buildup of eleetron density between the nuclei, tle moleeular orbital will 
tend to be bonding. 
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We can now examine the molecular orbituls needed to describe the homo- 
nuclear diatomic molecules of the second row of the periodic table, Lig, No, 
Oo, etc. To begin, we note that the Is atomic orbitals of these atoms ure held 
quite close to the nuclei, and are very little affected by whether the utom is 
free or bonded chemically. We can, therefore, regard these inner-shell electrons 
as nonbonding, and concentrate only on molecular orbitals which we can gen- 
erate from the valence atomic orbitals. 
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Two ways of schematically representing the formation of bonding and antibonding molec- 
ular orbitals by addition and subtraction of atomic orbitals. 


! 








By linearly combining a 2s-orbital on atom a with a 2s-orbital on atom b 
we get approximations to the bonding and antibonding ¢28 molecular orbitals: 


g23 = Nly.(28) + ¥,(28)], 
o*23 = N*(¥,(28) — ¥,(2)]. 
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FIG. 12.2 
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The procedure is completely analogous to that used for ols and o*ls of Hf. 
The quantities N and N* are the normalization factors. The o*2s-orbital has a 
nodal plane between the two nuclei. Consequently it is antibonding aud is of 
higher energy than o2s, which does not have this nodal plane and is bonding. 
Formation of the o2s- and o*2s-orbitals is illustrated in Fig. 12.2. Note that 
there is a nodal surface that surrounds the nuclei in both the o2s- and o*2s- 
orbitals, which distinguishes them from the o- and a*-orbitals generated from 
ls atomic functions. 


S:O- 


g2s 
os 


OE 


Formation of the o2s bonding and o*2s antibonding orbitals by addition and subtraction of 
2s atomic orbitals. The plus and minus signs refer to the sign of the wave functions, and 
not to nuclear or electronic charges. 
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Schematic representation of the formation of the 2p bonding and o*2p antibonding or- 
bitals by linear combination of 2p, atomic orbitals. 


Proper combination of the 2p-orbitals associated with the two nuclei pro- 
duces another pair of o molecular orbitals, ¢2p and o*2p. If we take the inter- 
nuclear line to be the z-axis, and then recognize that the 2p,-orbital of each 
nuclear center has cylindrical symmetry about this axis, we see that combining 
such atomic orbitals will indeed produce a cylindrically symmetric, or 9g, 
molecular orbital. 
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In forming the hnear combinations of 2p,-orbitals, we must be careful to 
take proper account of the fact that the sign of ¥(2p,) is different in the two 
lobes of the wave function. To avoid confusion we first set up the atomic 
orbitals as shown in Fig. 12.3, with the positive lobe of each function pointed 
into the internuclear region. Then, since the overlapping lobes of the two 
orbitals are both positive, adding the two functions together will increase the 
electron density in the internuclear region, and produce a bonding ¢2p-orbital. 
Subtraction of one function from the other produces a nodal plane midway 
between the nuclei, and the resulting molecular orbital, designated ¢*2p, is 
antibonding. Thus we have 


o2p = Nlv,(2p2) + W(2pz)] 
and 


o*2p _ N*lW,(2pz) wa Yv(2pz)] 


as the LCAO approximations to these two molecular orbitals. Figure 12.3 
shows a schematic representation of these orbitals. 


8 §-= 


n*2p 
Formation of the bonding z and antibonding 7* molecular orbitals by linear combination of 
atomic orbitals. 


ee 


Formation of 7 molecular orbitals from p atomic orbitals has been discussed 
in Section 11.7. As indicated there, adding the p,-orbital on nucleus a to the 
pz-orbital on nucleus b in such a way that the positive and negative lobes of one 
orbital overlap with respectively the positive and negative lobes of the other 
orbital produces a 72p,-bonding orbital. The LCAO approximation to this 
orbital is 

T2p, = N[Wa(2pz) + Yo(2pz)], 
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and its pictorial representation 1s given in lig. 12.4. While the 7-orbital has a 
nodal (yz) plane which contains the nuclei, there 1s an increase in electron density 
between the nuclei, and the orbital is bonding. 

Subtraction of one 2p,-funection from the other produces an approximation 
to a m* antibonding orbital 


T* 2p, = N*la(2pz) — Wr (2pz)], 


which 1s shown in Fig. 12.4. Now in addition to the nodal plane which contains 
the nuclei, we have a node between the nucler, and concomitant antibonding 
character: 

An exactly analogous argument can be applied to the combination of atomic 
2p,-orbitals. A bonding mw2p,-orbital and an antibonding 1*2p,-orbital can be 
generated which are oriented perpendicular to the m2p,- and m*2p,-orbitals. 
Thus the total of four atomic p-orbitals which are perpendicular to the inter- 
nuclear axis generates a total of four m molecular orbitals—two of which are 
bonding, and two of which are antibonding. 

The erght molecular orbitals which we have discussed are all that can be 
generated for a diatomic molecule from the total of eight atomic orbitals of 
prineipal quantum number n = 2. Molecular orbitals of higher energy can be 
formed from linear combinations of 3s- and 3p-orbitals, but no new ideas are 
involved, and it is not necessary to discuss these higher-energy orbitals 
explicitly. 

We turn now to the problem of determining the order of increasing energy 
of the molecular orbitals that we have discussed. Three general rules are helpful. 
(1) The energy of the molecular orbitals is strongly influenced by the energy of 
the atomic orbitals to which they are related. (2) If two atomic orbitals are 
largely confined to regions near their respective atomic nucle: and, therefore, do 
not overlap extensively, the molecular orbitals formed from them will be neither 
very strongly bonding nor strongly antibonding. (3) If the atomie orbitals do 
overlap extensively, the bonding orbital will have an energy quite a bit lower 
than that of the atomic orbitals, and its antibonding partner will have a corre- 
spondingly higher energy. The quantitative description of molecular-orbital 
energies can come only from experrment or, mi favorable cases, from extensive 
quantum-mechanical calculation; and each molecule and ion has its own unique 
energy-level pattern. Just as 1s true for atomic energy levels, however, certain 
useful qualitative generalizations can be made. 

Tligure 12.5a shows the molecular-orbital energy pattern which applies to 
the homonuclear diatomic molecules Oo, Ig, and their positive and negative 
ions. The valence orbitals of lowest energy are the o-¢* bonding-antibonding 
pur generated from the 2s atomic orbitals. These lre lowest in energy, princi- 
pally because tlhe 2s atomic orbitals from which they are formed lie well below 
the 2p-orbitals in the free atoms. The 2s-orbitals, particularly in fluorine, are 
so low in energy that they do not overlap and interact extensively. As a result 
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the o2s-orbital 1s not strongly bonding, nor is the o*2s-orbital very strongly 
antibonding in oxygen and fluorme. 

Since the atomic 2p-orbitals all have the same energy, the molecular orbitals 
generated from them have somewhat similar energies. The overlap of the 
2p--orbitals along the internuclear line is relatively large, and consequently, 
the ¢2p, bonding orbital has lower energy, and its antibonding partner o*2p, 
has higher energy, than the other molecular orbitals from atomie 2p-orbitals. 
The 7, and 7, bonding orbitals have the same energy, since they are equivalent 
except for their orientation in space. They he somewhat below, and their anti- 
bonding partners m7 and 77 he somewhat above, the energy of the atomic 
orbitals used to generate them. 





g2s 


(a) (b) 


Molecular-orbital energy patterns for homonuclear diatomic molecules. (a) Diagram for 
molecules with low-lying 2s-orbitals. (b) Diagram for Ne and lighter homonuclear diatomics. 


Tor the diatomics Liz, Bes, Be, Co, and No, the molecular orbitals fall in a 
very slightly different pattern, shown in lig. 12.5(b). In these molecules, the 
o2p-orbital hes a bit higher in energy than the two bonding w2p-orbitals. This 
feature is a consequence of the repulsion between electrons that occupy the 
o2s- and o*2s-orbitals and any electrons in the o2p-orbital. These repulsions, 
and the resultant elevation of the energy of the ¢2p-orbital, occur because both 
the ¢2p and o2s electrons tend to occupy the same region of space in these 
lighter diatomic molecules. This effeet is diminished in Og and I*g because in 
the atoms O and I’, the 2s atomic orbitals are quite low in energy, and are largely 
confined to regions close to the nucleus. This characteristic ts maintamed in 
the o2s bonding and antibonding orbitals of Oo and Fy. Consequently, the o2s 
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eleetrons do not seriously interfere with the ¢2p eleetrons, and m the heavier 
diatomies, the energy of ¢2p is below the level of the 72p-orbitals. 

Now we ean examine the eleetronie strueture and bonding of the homo- 
nuelear diatomie moleeules of the seeond-row elements by feeding the appro- 
priate number of eleetrons into the orbital energy-level patterns of Jig. 12.5. 
We begin with Lig, whieh has a total of six eleetrons. J our of these are Is 
eleetrons, two on each atom. The energy of these “eore” eleetrons 1s very low, 
and sinee they are largely eonfined to regions near the nueler, they do not eon- 
tribute to ehemieal bonding. We shall therefore ignore them in Lig and m the 
other diatomies of higher atomie number. We are left then with two eleetrons 
whieh ean be aeeommodated with paired spins in the o2s-orbital. Sinee Lig has 
two eleetrons in a bonding orbital, we say it has a single eleetron-pair bond. 

For Bes, we have in addition to the eore Ls eleetrons, four valenee eleetrons 
to aeeommodate. Two of them enter the ¢2s bonding orbital. The other two 
must enter the next available orbital of lowest energy, whieh is the o*2s anti- 
bonding orbital. Sinee Bes has two bonding and two antibonding eleetrons, its 
situation ts much like that of Hey. We expeet, therefore, that Be» will not be 
a bound moleeule, and in faet no stable Beg 1s known. 

The moleeule Bs is known to exist as a gaseous speeies, and to have two 
unpaired eleetrons. Let us see if this ts consistent with our moleeular-orbital 
energy-level diagram. Of the stx valenee eleetrons, a total of four enter the 
g2s- and o*2s-orbitals. The remaining two eleetrons would pair and enter the 
g2p-orbital, if that were the orbital of lowest energy available. In Be, however, 
the 72p,- and 72p,-orbitals lie lower in energy than ¢2p, as we have diseussed 
earlier. Sinee the z-orbitals have the same energy, the most favorable situation 
is for each to be oeeupied by one eleetron. The spins of these two eleetrons are 
parallel, just as are the spins of the eleetrons in the half-filled 2p atomie orbitals 
in C, N, and O. In Bg then, we find four bonding valenee eleetrons, and two 
antibonding eleetrons, for a net of 4 — 2 = 2 bonding eleetrons. Thus we ean 
say that there is a single bond in Bg. However, a more aeeurate deseription 
would be that there are two half bonds, stnee the last two bonding eleetrons are 
in different orbitals. 

The moleeule Cy oeeurs in flames and eleetrieal discharges through earbon- 
eontaining gases. It has a bond energy of 150 keal/mole, whieh suggests that 
the atoms are linked by a double bond. The moleeule has eight valenee elee- 
trons, two more than Bo. The most stable valenee-eleetron eonfiguration of C2 
has been found to be (¢2s)?(o*2s)?(a2p,)*(m2pr)*. The net number of bonding 
eleetrons is four, and thus the moleeule has a double bond. The bonding is 
rather unusual in that the double bond eonsists of two 7 bonds, rather than 
the more usual g-7 eombination. Another unusual feature of C2 is that the 
eleetron eonfiguration (a2s)?(a*2s)?(a2pz)"(42p,)'(e2p)* is only 2.3 keal/mole 
higher in energy than the ground state. This shows that the m2p- and a2p- 
orbitals are quite close in energy. 

The next moleeule in the sequenee is Ng. As indieated in Seetion 11.7, the 
eleetron eonfiguration of N» is (72s)?(a*2s)?(m2p,)?(42py)*(e2p)*, whieh eorre- 
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sponds to a triple bond. The o2s-0*2s bonding-antibonding pair can almost as 
well be regarded as two nonbonding 2s atomic orbitals, only slightly distorted 
by imteraction with cach other. Thus the triple bond consists of two 7 bonds 
and ao bond. 

In Nog, all bonding orbitals are filled, and any additional electrons in sub- 
sequent molecules must enter antibonding orbitals. The O2 molceulc, for 
example, has 12 valence clectrons, two more than No». The first ten of these 
can be accommodated as were the electrons in No, but the last two must enter 
the m* antibonding orbitals. The configuration of lowest energy has onc of 
these last two electrons in the wf-orbital, and the other in the w7-orbital. The 
configuration of Os is therefore 


fee (02s) -(02p)-(7.2p) (71, 2p) (7 2p) ' (rt 2p)’, 


aud there is a net of 8 — 4 = 4 bonding clectrons. We find what is in effect a 
double bond in Os, which is consistent with its fairly large bond energy of 118 
keal/mole. The double bond is somewhat uniquc, however, in that it seems to 
consist of a triple bond opposed by two half antibonds. The molccular-orbital 
description of Og provides a simple explanation for the paramagnetic propertics 
of the molccule, since the two electrons which occupy the two separate anti- 
bonding orbitals have parallel spins. 

The fluorine molecule I, has two more electrons than Ov», and consequently 
has the valence electron configuration (@2s)?(a0*2s)7(a2p)*(m2p)4(r*2p)*. The 
net of 8 — 6 = 2 bonding electrons corresponds to a single electron-pair bond. 
This bond has a dissociation energy of only 35 keal/mole, which is compara- 
tively small. One possible explanation of the small bond encrgy is that the four 
electrons in the 7* antibonding orbitals cxert a greater antibonding effect than 
the bonding cffcet of the four electrons in the 7 bonding orbitals. 

In contrast to the molecular-orbital approach, the valenec-bond picture of 
I's treats the 2s-orbitals and two of the 2p-orbitals on each atom as nonbonding 
or atomic in charactcr. These nonbonding orbitals accommodate six clectrons 
on cach atom, and the single electron-pair bond is formed by the overlap of the 
two remaiming p-orbitals. Thus the treatment of the bond is essentially the 
same m the two pictures, but the clectrons which are treated in the molecular- 
orbital method as bonding and antibonding pairs are described simply as 
nonbonding or atomic in the electron-pair valence-bond method. 


Question. In the following pairs of molecules, which would have the greater dissociation 
energy? Oo: Oo; Beo, Bes; Bo, BI; Co, Co. 


12.2 HETERONUCLEAR DIATOMIC MOLECULES 


In forming the LCAO approximations to the molecular orbitals for homonuclear 
diatomic molecules we combined with each other atomic orbitals of the same type 
from each atom. We did this because from the symmetry of homonuclear 
molecules we expect that electrons in a given molecular orbital are shared 
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equally between the two identical muclear centers. The molecular orbitals of 
heteronuclear molecules do not have this symmetric character. However, if the 
diatomic molecule ts composed of atonis of rather similar atorme numbers, as 1s 
true for CO, NO, and CN, the asyminetry is not pronounced, and the cleetrome 
structure can be described satisfactorily in terms of the molecular orbitals 
which we used for homonuclear diatomics. Therefore, the CO molecule, which 
has ten valence electrons, has the valence-clectrom configuration 


(o28)*(a*%2s)*(r2p)*(a2p)’, 


just as does No. The qualitative difference is that because of the greater charge 
on the oxygen atom, the bonding molceular orbitals put more eleetron density 
near the oxygen atom. For the antibonding orbitals, the opposite is true, as 
we shall see. 
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Schematic representation of the formation of a2s and o*2s in BN. The bonding o orbital is 
more concentrated near the more electronegative nitrogen, and the antibonding orbital has 
greatest amplitude near boron. 


Let us consider forming the o and o* pair of molecular orbitals from two 
atonue orbitals of different energy, such as the 2s-orbital of B and the 2s-orbital 
of N. Because of the greater nuclear charge of nitrogen, the 2s atomie orbital 
on thus nucleus lies lower in energy than does the 2s-orbital on the boron nucleus. 
We expeet, cousequently, that the lowest-energy or bonding o orbital formed 
by this conmbtmation will be concentrated Jargely at the mtrogen atom, since 
this is the region of low potential energy. In the mathematical deseription of 
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this orbital, this asymmetry can be produced by adding the two atomic orbitals 

together with coefficients chosen to ensure that N 28 is more important than 

B 28s. Thus the simplest LCAO approximation for the o-bonding molecular 
_ orbital ts 


g = C'pyy,(28) + Cayx(2s), 


where Cx > Cy > 0, and Wp and Wx are atomic wave functions centered on 
boron and nitrogen, respectively. 

The corresponding antibonding orbital will have a node between the nuclei, 
and will be of higher cnergy. VWecause of the smaller nuclear charge on boron, 
the region around this nucleus is of higher potential energy than the region 
around the nitrogen nucleus. Consequently we expect that the antibonding 
orbital will be concentrated largely near the boron nueleus. The mathematical 
deseription 1s 


= Cyyy,(28) — Cyn (2s), 


with Cy > Cs. A pictorial description of the formation of o and o* for BN is 
given in Fig. 12.6. 


a*2p 


Energy = 









Molecular-orbital energy-level diagram for a heteronuclear diatomic molecule AB in which 
B is more electronegative than A. 


Formation of the other bonding-antibonding molecular-orbital pairs for 
diatonic molecules whose nuclei do not differ greatly in atomic number follows 
the pattern we have just discussed. The bonding orbitals are more concentrated 
around the nucleus of higher atomic number, and antibonding orbitals have 
greater density near the nucleus of Jower charge. An orbital cnergy-level 
diagram is given in Fig. 12.7. From it we can deduce that the valenee-electron 
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configuration of BO is (a2s)?(¢*2s)*(1z2p)?(m,2p)*(o2p)!. The configuration 
of BN, which is not obvious from the diagram, is 


(928)*(a*23)"(722p)° (ry2p) (e2p)?. 


When the difference in the atomic numbers of the combining atoms is large, 
one must take special care in describing the molecular orbitals. In these cases, 
molecular orbitals are formed not by combining atomic orbitals of similar desig- 
nation (such as 2s with 2s, ete.) but by combining orbitals of stmilar energy. 
The molecule HF provides a good example. The hydrogen 1s atomic orbital 
does not combine with the fluorine 1s-orbital to form a molecular orbital 
because the Is electrons of fluorine are very strongly bound, and are confined to 
regions quite near the fluorine nucleus. The same is true for the 2s electrons of 
fluorine. Because the binding energy associated with the 1s-orbital of hydrogen 
and the 2p-orbitals of fluorine are somewhat similar, overlap and interaction 
of H(1s) and I(2p,) does occur and produces a bonding-antibonding pair of 
molecular orbitals. The 2p,- and 2p,-orbitals of fluorine remain as nonbonding 
atomic orbitals in HI’. Since the ionization energy of H is 813.6 keal/mole, and 
that of F is 402 kcal/mole, we expect that the clectron pair in the o bonding 
orbital of HI will spend more time near the fluorine nucleus. Consequently, 
HI should be a polar molecule, as is indeed observed. 

The gaseous molecule Lil provides an example of extremely unequal sharing 
of electrons in a molecular orbital. A o-o* pair is generated by the interaction 
of the lithium 2s-orbital and a fluorine 2p-orbital. Because the ionization energy 
of lithium is so much smaller than that of fluorine, the electron pair in the 
bonding orbital spends almost all of its time in the vicinity of the fluorine atom. 
Therefore, Lil’ is a very polar molecule, so much so that we say that the bonding 
is nearly purely ionic. Thus, by proper choice of the coefficients of the contribut- 
ing atomic orbitals, the molecular-orbital concept can be used to represent the 
pure covalent bond of homonuclear diatomics, and as well, the ionie bond of 
the alkali halides. 

Question. The energy level diagram in Fig. 12.7 is appropriate for molecules composed 


of the lower atomic number elements Be, B, C, and N. What modification should be made 
to make it satisfactory for a molecule like OF? 
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We begin with the simplest triatomic neutral molecule which we can imagine, 
H3. Let us assume that this molecule has a lincar symmetric geometry, and 
later justify this assumption. For simplicity, we deal only with molecular 
orbitals built from hydrogen 1s-orbitals. Since there are three atomic orbitals, 
we expect to be able to generate three such molecular orbitals. The molecular 
orbital of lowest energy, shown in lig. 12.8, consists of a linear combination of 
the three Is-orbitals, all taken with the same sign. Because it is cylindrically 
symmetric with no nodes between the nuclei, it is a o-bonding orbital. Even 
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though it covers and binds together three nuclei, it accepts only two electrons 
with paired spins. 

The orbital of next higher energy in Fig. 12.8 has a node at the central 
hydrogen atom. As a result, the orbital does not produce bonding between the 
outer and center atoms, and, in fact, the orbital is weakly antibonding between 
the end atoms. Thus an electron in this orbital tends to force the molecule 
apart. 


YE 
\ ‘ 


(b) 


a 
£5 
are 


(a) Molecular orbitals of linear H3 and (b) wave functions for a particle in a box. 


The third orbital of Hg is obtained by combining the hydrogen 1s-orbitals 
with alternate signs: 


o* « +Wa(1s) — p(s) + (1s). 


This produces an orbital with nodes between adjacent nuclei, as Fig. 12.8 shows. 
Consequently this orbital has very strong antibonding character. 

Figure 12.8 also shows a comparison between the molecular orbitals which 
we have generated for H3 and the wave functions for a particle in a box. The 
resemblance between the two sets of functions is not accidental, since a collec- 
tion of three protons does produce a Coulomb field which is somewhat like a 
box for electrons. The major difference is that the electron potential energy in 
Hz is not constant along the internuclear axis, but becomes markedly more 
hegative near each nucleus. This is what is responsible for the sharp peaks in 
the Hg wave functions which do not appear in the particle-in-a-box function. 
We sce, on the other hand, that the energy of the o orbitals of Hz increases 
as the number of nodes increases, just as 1s found for the particle-in-the-box 
functions. 

In H3, two electrons enter the lowest ¢-bonding orbital. The third electron 
enters the next higher ¢ orbital, which is relatively weakly antibonding between 
the end atoms and nonbouding between end and center atoms. The uet effect 
of this orbital occupation is that Hg is stable with respect to dissociation to 
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three atoms by approximately 94 keal/mole: 
He =s3 ap AH = 94 keal. 


This 1s approximately what we should expect for a molecule which has two 
bonding eleetrons and one eleetron whieh is weakly antibonding. We must not 
eonelude, however, that Hg is astable molecule. The antibonding effeet between 
the end atoms 1s great enough so that H3 1s shghtly unstable with respeet to 
Ho and H: 

Hz = Ho+ H, AH = —8 keal. 


Consequently, Hg 1s a transient species which cannot be isolated in quantity. 
The energy and structure of Hs are important beeause it does oeeur as a tran- 
sient intermediate in the reaction between a hydrogen or deuterium atom and 
hydrogen moleeules: 


D-H, = (DME nee re 


Irom this we see that the activation energy of the hydrogen atom—hydrogen 
moleeule reaetion 1s Just the energy needed to form Hs from H and Ha, or 
+-8 keal. 

The most stable geometry of Hg is lmear, rather than bent, since the last 
electron is in an orbital which is antibonding between the two end atoms. Any 
bending of the molecule brings the two end atoms together, and this is opposed 
by the antibonding electron. 

The situation in HZ is different, because this moleeule-ion has no eleetron 
in the antibonding orbitals. There are two major eonsequenees of this. Tirst, 
Hz is stable with respeet to dissoeiation: 


H7 =HT+H+H, £AH = 204 keal, 
H? = Ht -+ Hp, AH = 105 kcal. 


Second, H} is not linear, but has the geometry of an equilateral triangle. The 
molecular orbital of lowest energy, occupied by two electrons, is formed by the 
mutual overlap of three 1s atomie orbitals. Another way of deseribing the 
bonding in HZ was discussed in Scetion 11.8. 

In describing Hs we have made the first use of molecular orbitals whieh are 
delocalized (i.e., which cover more than two atoms). This technique is a neees- 
sary extension of the simpler idea that moleeules are bonded by electron pairs 
localized between pairs of nuclei. In Section 11.8 we saw how multicenter 
bonding can be described in terms of resonance struetures. The deloealized 
moleeular-orbital method is the more useful and natural technique for mathe- 
matically describing multicenter bonding; but the loealized eleetron-pair idea 
with resonance structures is often more eonvenient for generalizing a qualitative 
pieture of molecular binding. In subsequent diseussions, we shall try to draw 
attention to the relation between the loealized and delocalized pietures. 
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Triatomic Hydrides 


In comparing Hz with H} we have cncountered a very important general 
phenomenon. The geometry of molecules can be profoundly influenced by a 
relatively small change in the number of electrons or in the molecular orbitals 
Which a given number of electrons occupy. Our next example again illustrates 
this idea. 

We shall now examine the clectronie structure of methylene, CH2. Methylene 
is a stable but very reactive molecule, and consequently exists only as a tran- 
sient species in certain chemical reactions. Nevertheless, high-speed molecular 
spectroscopy has provided a fairly clear picture of its molecular structure. 

A triatomic molecule like CH 2 may have either a linear or bent structure, 
and it is not at all immediately clear which is the more stable. To begin, we 
shall assume a linear geometry, construct the molecular orbitals, and then 
repeat the process for a bent CH». Then we shall compare the electronic struc- 
tures of the two forms, and draw conclusions. 

For the linear H—C—H we can construct a sigma bonding-antibonding pair 
of molecular orbitals from the carbon 2s-orbitals and the hydrogen 1s-orbitals. 
The forms of these orbitals would be 


ag, = Cils, + Co2s, + Cyils, 
and 
a: = Gals, a Cas: + C318p, 


where 2s, stands for the 2s wave function of carbon, and 1s,, 1s, stand for the 
1s-orbitals of hydrogen atoms a and b. The coefficients of the two hydrogen- 
atom functions in a given molecular orbital are the same, since the methylene 
molecule is symmetric. Notice that these orbitals are very much like the lowest- 
and highest-energy orbitals of H3, except that the carbon 2s-orbital substitutes 
for the central hydrogen orbital. 

A second o bonding-antibonding pair can be constructed for CHo, this time 
using the 2p,-orbital of carbon. The mathematical forms of these orbitals are 
Cn = Cslsy + C'62Dc my C'518p, 

a = Crlsa a Cape = C'718p. 

A pictorial representation of these orbitals is given in Fig. 12.9. Note that since 
the carbon 2p,-orbital has two lobes of different sign, the hydrogen-atom orbitals 
must be added in with opposite signs to give a bonding orbital with no inter- 
nuclear uodes. The antibonding orbital is obtained by using the same combina- 
tion of hydrogen orbitals, but with the sign of the carbon 2p,-orbital reversed. 
Note also that so far as its nodal properties are concerned, the o,-orbital is 
somewhat analogous to the o-orbital of intermediate energy in H3. The methy- 
lene orbital is different in that it is bonding between the end and center atoms, 
because it includes a coutribution from the carbon 2p,-orbital. As a result it 1s 
bonding between end and ceuter atoms, but antibonding between end atoms. 
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From the four atomic orbitals 2s, 2p, of carbon, and 1s from the hydrogen 
atoms, we have generated four molecular orbitals. Hydrogen has no low-energy 
p-orbitals to interact with the 2p,- and 2p,-orbitals of earbon, and so these 
remain as loealized nonbonding orbitals in linear methylene. 


O(E).© 
O(2) © — OOO 
OOOO — BD 
OOOO = 0000 


H—C—H 





Schematic representation of the formation of the o and a* molecular orbitals of linear 
methylene. 


The orbital energy-level diagram for linear methylene is shown in Fig. 12.10. 
The total of six valenee electrons fill the two o-bonding orbitals, and half-fill 
each of the two nonbonding earbon 2p,- and 2p,-orbitals, with the latter two 
eleetrons having parallel spin. Thus we ean deseribe methylene as held together 
by two three-eenter @ bonds. We ean also eonelude that Imear methylene will 
have unpaired electron spins, and this has been expermmentally verified. 

It is edifying to construet the loealized valenee-bond pieture of methylene, 
and eompare it to the molecular-orbital pieture. We begin by constructing 
sp hybrid atomie orbitals on the earbon atom. We then construet two localized 
electron-pair bonds to the hydrogen atoms by eombining each sp hybrid with 
the appropriate H 1s function. Each of these valence-bond orbitals aeeommo- 
dates two eleetrons with paired spins, and the last two valence eleetrous remain 
in nonbonding earbon 2p-orbitals. Thus the deloealized moleeular-orbital 


MOLECULAR ORBITALS 12.3 





picture and the valenee-bond sp-hybnd picture are fairly closely related, in 
that in both models the bonding electrons occupy o orbitals generated from 
earbon 28- and 2p,-orbitals in combination with atomic hydrogen Js-orbitals. 

We cui generate the orbital-energy diagram for bent Clle simply by examin- 
mg What happens to the energy of the individual molecular orbitals as lmear 
CH is bent. The lowest-energy o orbital constructed of the nondireetional 
carbon 2s- and hydrogen Is-orbitals is relatively unchanged in energy by bending 
the molecule. However, the next higher o@ orbital becomes weaker bonding and 
Ingher in energy as the molecule bends, because the overlap between the carbon 
2p.- and the hydrogen Js-orbitals decreases as the hydrogen atoms move off 
the z-axis, and because this orbital, being antibonding between end atoms, 
Increases m energy as the hydrogen atoms approach cach other. 
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Molecular-orbital energy-level diagram for linear methylene. 


If we imagine that the bending of the molecule takes place in the xz-plane, 
we can conclude that the energy of the carbon 2p,-orbital is left unchanged. 
This orbital has a node im the xz-plane, and since it is cylindrically symmetric 
about the y-axis, it 1s insensitive to the angular positions of the hydrogen atoms. 
The situation is quite different for the carbon 2p,-orbital, however. Figure 12.11 
shows that, as the molecule bends, the carbon 2p,-orbital begins to overlap 
with the 1ls-orbitals of the hydrogen atoms. This overlap lowers the energy of 
the 2p,-orbital, for instead of being nonbonding, the 2p,-orbital acquires bond- 
ing character in the bent methylene molecule. 
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FIG, 12.11 


FIG. 12.12 
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Schematic demonstration of the increase in overlap and bonding character that occurs 
between hydrogen 1s-orbitals and the carbon 2p-,-orbital when methylene is bent in the 
xz-plane. 


Ls} 


fonergy 





The molecular-orbital energy-level diagram for bent methylene and other bent XHz mole- 
cules. The o designation of the orbitals is not fully accurate since cylindrical symmetry ts 
lost in a bent molecule. These o orbitals are further described by giving the principal 
contributing atomic orbital on the central atom. 


Figure 12.12 gives the resulting orbital energy-level diagram for the bent 
methylene molecule, which also applies to other bent molecules of the XH» type. 
We see that the energy of op, has been increased and that of pz has been lowered 
relative to their energies in linear CHg, but otherwise the pattern differs rela- 
tively little from that shown in Fig. 12.10. One important detail is that in the 
bent molecule the bonds no longer have cylindrical symmetry, so the notation 
o and o* is strictly no longer applicable. For the present, however, it is better 
to retain the improper o-o* notation in order to emphasize the relationship 
between the orbitals in the bent and linear molecules. 

The six valence electrons of bent CH» can enter the three low-energy orbitals 
with paired spins, and leave the nonbonding 2p,-orbital empty. Thus, in con- 
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trast to the linear molecule, bent methylene should have no unpaired electron 
spins. This has been found experimentally. The question of whether the linear 
or bent molecule is the more stable cannot be answered merely by examining the 
orbital-energy diagrams. Bent CHy2 achieves some stability by having, in 
addition to its two pairs of bonding electrons, a third pair of electrons in the 
d,,-orbital which has some bonding character. On the other hand, while linear 
methylene has only two pairs of bonding electrons, it avoids some electron 
repulsion by having only one electron in the 2p,- and 2p,-orbitals. The actual 
condition of the CH2 molecule found experimentally is a compromise between 
these two effects. In its lowest electronic state, the molecule has one electron 
each in the 2p,- and 2p,-orbitals, and is slightly bent so that the 2p,-orbital 
energy is lowered somewhat. 
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A localized valence-bond model for bent methylene would involve three sp? 
hybrid orbitals on the carbon atom. Two of these would be used to form electron- 
pair bonds to cach hydrogen atom. The third sp? hybrid would be occupied by 
a pair of nonbonding elcctrons, but would be of fairly low energy because of the 
partial s-orbital character. The carbon 2p-orbital perpendicular to the plane 
of the molecule would be unoccupied. Thus again the localized valence-bond 
model is fairly closely related to the delocalized molecular-orbital picture. 

By plotting the qualitative dependence of orbital energy as a function of 
bond angle, we can generate the diagram shown in Fig. 12.13 which can be uscd 


12.3 TRIATOMIC MOLECULES 


FIG. 12.13 


553 


to predict or rationalize the geometries of triatomic hydrides. lor example, the 
transient molecule BeH» has four valence electrons, just enough to occupy the 
two low-energy o bonding orbitals. As Fig. 12.18 shows, these orbitals have 
lowest energy in the linear configuration, and hence we expect BeH»e to be a 
lmear molecule. 

Passing to BHo, we have five valence clectrons, four of which enter the 
ao bonding orbitals. The fifth clectron enters what is an atomic 2p-orbital of 
boron 1 the linear configuration. Figure 12.13 shows, however, that the energy 
of this orbital is lower if the molecule is bent. In BH, this energy-lowering upon 
bending is enough to overcome the risc in energy of the op, orbital, and BHo Is 
a bent molecule. In electronically excited BH»o, however, the last electron 
occupies the p,-orbital, and from Tig. 12.18 we expect this excited BH» will be 
a linear molecule. This ts found experimentally. 

The next molecule in the serics 1s CH», which we have discussed m detail, 
and noted that the linear configuration with the lower electron repulsion 1s 
favored. In NHo, however, there is an additional electron, and double occu- 
pancy of orbitals cannot be avoided. Thus the bent geometry of N Hg Is favored, 
since after four electrons have occupied the two lowest bonding orbitals, two 
electrons must occupy the o,-orbital whose energy decreases as the molecule 
bends. The last electron enters the nitrogen p,-orbitat. 

In the water molecule, the eight valence electrons occupy the two strong 
o bonding orbitals, the in-plane nonbonding o-orbital which 1s of low energy 
in the bent form, and the nonbonding p,-orbital of the oxygen atom. ‘Thus 
water should be, and is found to be, a bent molecule. 


Question. Would you expect the following triatomic hydrides to be linear or bent mol- 
ecules? CHT, NH>, BH3, BH>. 
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We turn now to the molecular-orbital description of the lmear symmetric mole- 
cule CO,. The orbitals which we gencrate for it can be gencralized and applied 
to a discussion of the structure of other triatomic molecules which do not 
contain hydrogen. 

lor simplicity we take the 2s-orbitals of the two oxygen atoms to be non- 
bonding atomic orbitals even in the molecule. Then one o-o* pair of molecular 
orbitals can be generated from overlap of the carbon 2s-orbital with the 2p,- 
orbitals of oxygen. Another o-o0* pair can be made from combination of the 
carbon 2p,-orbital with the oxygen 2p,-orbitals. The simplest LCAO approxi- 
mations to these four molecular orbitals are 


02, = C12p,(0) + Co2s(C) + C12p,(0), 
O25 = C32p,(O) — C42s(C) + C32p,(0), 
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and 
Ton = C52p,(O) + Ce2p(C) — C52m,(Q), 
: T2p = C72p,(O) — Cg2p(C) — C72p,(0). 


) The signs have been chosen so that there are no internuclear nodes for the 
bonding orbitals, but there are nodes between the nuclei in the antibonding 

orbitals. These orbitals have their lowest energy when the molecule is linear. 
The pictorial representation of these orbitals appears in Fig. 12.14. 
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The w molecular orbitals are generated from the overlap of the atomie 
p-orbitals which are perpendicular to the internuclear axis of the molecule. 
There are six such atomic orbitals, so we expect six 7 molecular orbitals. Three 
of these will be a,-orbitals, and three will be equivalent z,-orbitals. The 
mw-orbital of lowest energy has the form 


Wz = Co2p,(O) + Cyp2p(C) + Co2p,(0), 


where pz atomic orbitals are used. There is a 7,-orbital of the same form and 
same energy. Both are strongly bonding. 


2pPa 


2Pb 





Lnergy———— 


The molecular-orbital energy-level diagram of linear symmetric COs and other linear 
triatomic molecules. 


The z-orbital of next higher energy involves only the oxygen atoms. It is 
nonbonding to the carbon atom, and weakly antibonding between the oxygen 
atoms. Its form 1s 


qh x 2p,(O) aes PHOS CONE 


and there is a 77?-orbital of the same form and energy. The notation ®° draws 

attention to the nonbonding character of the orbital, but it must be remembered 

that there is also a weak antibonding interaction between the oxygen atoms. 
The third and highest-energy z-orbital is 


= C'112pa(O) — Cy22p(C) + Cy 12p4(0), 


MOLECULAR ORBITALS 12.3 





which is antibonding between carbon and oxygen. The 77-orbital has the same 
form and energy. 

We see that the combinations of the p-orbitals produces a pair of strongly 
bonding 7-orbitals, a pair of essentially nonbonding 7°-orbitals, and a pair of 
strongly antibonding 7*-orbitals. The form of these z-orbitals 1s shown in 
Ig. 12.14. Comparison of this set of 7 orbitals with the o-orbitals of Hs shows 
that they have the same bonding, nonbonding, and antibonding pattern, and 
the same internuclear nodal properties. 

Iigure 12.15 shows the energy-level pattern of the moleeular orbitals of 
lmmear symmetrie CO». The 16 valence eleetrons fill the two oxygen 2s atomie 
orbitals, the two 0 bonding orbitals, the two 7 bonding and the two 7 nonbond- 
ing orbitals. Simee there is a total of eight bonding electrons, the two C—O 
links ean be regarded as double bonds, just as 1s done in the electron-dot or 
valence-bond representations. We also notice that the orbitals whieh are 
occupied are all more stable when the molecule is linear, whieh is, in faet, found 
to be the geometry of COs. 

The moleeular orbitals which we have just diseussed can be used to deseribe 
other triatomie moleeules whieh have 16 or fewer valenee eleetrons. Other 
16-electron molecules which have the expected lmear geometry and whieh are 
strongly bound are N20, Nz, CSe, OCS, OCN~, and NOZ. In moleeules like 
CSoe, Where the valenee atomic orbitals of sulfur have principal quantum number 
n = 3, the form of the moleeular orbitals 1s quite analogous to that which 
oecurs In COs. 

The transient reactive moleeules NCO, NCN, CCN, and C3 have respec- 
tively 15, 14, 13, and 12 valence eleetrons. They all have eight electrons in the 
two o and two 7 bonding orbitals, and between three and zero 7 nonbonding 
eleetrons. Like CQz, they are all linear moleeules. 

If more than 16 electrons must be accommodated in a linear molecule, some 
would have to enter the 7* antibonding orbitals, as ig. 12.15 shows. This 
unfavorable situation can be relieved somewhat if the molecule departs from 
linearity. If the molecule is bent in the xz-plane, the 7, bonding, nonbonding, 
and antibonding orbitals remain largely unehanged in eharaeter and energy. 
The 7,-, w?-, and *-orbitals change considerably, however. They revert to 
2pz atomic nonbonding orbitals on the two end atoms, and a p,-orbital on the 
eentral atom. This orbital 1s also largely nonbonding, but as we found in the 
discussion of CHo, the orbital energy lowers as the molecule bends by overlap- 
ping and combining with the o bonding system. 

Figure 12.16 summarizes the behavior of the molecular orbitals of a triatomic 
molecule as it is bent, and Fig. 12.17 shows the orbital energy-level pattern that 
ean be applied to most bent triatomies. If we enter the 17 eleetrons of NO» 
into these orbitals, for example, we find six bonding electrons, 11 nonbondmg 
electrons, and no antibonding electrons. Of the three bonding orbitals, two are o 
and one 7, and all three cover all nuclei. Thus there are on the average 6/2 = 3 
electrons per chemical bond; this corresponds to two 14 bonds in NOQg. This is 
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consistent with the conelusion drawn from the clectron-dot resonance structures 


N N 
oo 0 650 0 


We expect that the bond energy of NQz is less than that of COs, which has 
two double bonds. This is found experimentally: 


NO, = NO+ O, AH = +72 keal, 
CO, = CO+ O, AH = +127 kcal. 


Even though bending NO» reduces the number of 7 bonds, this is evidently 
energetically more favorable than retaining the linear geometry, and forcing 
the last electron to enter a 7* molecular orbital which is strongly antibonding. 

In the nitrite ion, NO g and ozone, Os, there are 18 valence electrons. On 
the basis of the arguments just given, we expect these molecules to be bent, and 
to have the electron configuration given in Fig. 12.18. The bond angle of NO g 
is 115°, smaller than that of NO» (135°), as expected. The bond angle in O3 
is 117°, very similar to that of NO 3. 
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Passing to molecules like NF» and Ol’. with 19 and 20 valence electrons 
respectively, we see from Jigs. 12.16 and 12.18 that electrons 19 and 20 enter 
the 77 antibonding orbital whose energy is not sensitive to bond angle. Conse- 
quently these molecules are bent, Just as are molecules with 17 and 18 electrons. 
lor Ol’s, lig. 12.18 shows that there are three pairs of bonding clectrons, erght 
pairs of nonbonding electrons, and one antrbondmg pair, for a net of four 
electrons binding three nuclei. We could picture the bindmg in O}*, as due to 
a pair of single bonds. The small bond energy of 45 kcal/mole suggests that the 
effect of the 7* antibonding electrons is quite pronounced. 

The molecule Ol’, 1s a case in which the delocalized molecular-orbital ap- 
proach provides a better qualitative description of the molecule than does the 
simplest valence-bond picture. In the latter, there are electron-pair bonds 
betwecn the oxygen and the two fluorine atoms, and the rest of the electrons 
are considered nonbonding. ‘To account for the low bond energy, repulsions 
between the nonbonded electron pairs of the oxygen and fluorine are postulated. 
In the delocalized molecular-orbital picture, these “repulsrons” are described 
naturally by the effect of the antibonding electrons. 

As examples of molecules with 22 valence electrons we have Iz and the other 
trihalide ions, as well as I<rI*°g and Xel’s. Irom Fig. 12.16 we see that electrons 
21 and 22 in these molecules must be tn the strongly antibonding of-orbital. 
The energy of this orbrtal is lowest in the linear configuration. This effect is so 
strong that the most stable geometry of molecules with 21 or 22 valence elec- 
trons 1s linear. T’rom J'ig. 12.15, we deduce that such molecules as Krl*s, Xel*s, 
and I, have four pairs of bonding electrons, four pairs of nonbonding electrons, 
and three pairs of antibonding electrons. This leaves a net of two bonding 
electrons to hold together three atoms, or effectively one clectron per inter- 
nuclear linkage. As a result, these 22-electron molecules are not very stable 
with respect to dissociation. 

We should note that this delocalized molecular-orbital description of Xel*>s 
1s quite different from the simple valence-bond picture. In the latter, two 
5d-orbitals of Xe would be combined with the 5s- and 5p-orbitals to give a 
d°sp* hybrid set. Two of these hybrids would be used to form electron-pair 
bonds to the two fluorine atoms, while the three other hybrids would be filled 
with six nonbonding electrons. In this manner, the ten valence electrons which 
surround xenon in Xel*s can be accommodated. It is not yet clear whether this 
valence-bond description or the delocalized molecular-orbital picture is a better 
approximation to the actual electronic structure. 
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We select for our discussion the nitrate tion, NO3, which, as noted in Section 
11.8, is a planar symmetric molecule with the oxygen atoms at the apices of an 
equilateral triangle. The orbital pattern we will generate applies to other 
molecules of this geometry, such as SO3, Bl*3, and CO3. 
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The detailed mathematical description of the molecular orbitals for trigonal 
planar molecules is noticeably more complicated than what we have encountered 
for diatomic and triatomic molecules. Rather than become involved in this 
detail, we shall proceed intuitively, using our previous experience as a guide. 
We begin by dividing the molecular orbitals into two groups: the g-orbitals 
which have greatest density in the plane of the molecule, and the z-orbitals, 
which have greatest density above and below the nuclear (or zy) plane. Again 
we regard the three oxygen 2s-orbitals as atomic nonbonding orbitals. 

Let us concentrate first on the o molecular orbitals. To construct them, we 
have available the 2p,-, 2p,-, and 2s-orbitals of the central nitrogen atom, as 
well as the one p-orbital from each oxygen atom which points along the N—O 
axis. This is a total of six atomic orbitals, and we expect six o molecular orbitals, 
three bonding and three antibonding. 
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Formation of o;-orbitals for a planar trigonal molecule. 


One g-o* pair is easy to generate, as Fig. 12.19 shows. These orbitals arise 
from the interaction of the 2p-orbitals of oxygen with the 2s-orbital of nitrogen. 
The strongly bonding component is designated o;, and its strongly antibonding 
partner o%. 

The atomic 2p,- and 2p,-orbitals of nitrogen are equivalent, and thus we 
might expect to generate from them and the p-orbitals of oxygen two equivalent 
bonding ¢,-orbitals, and their equivalent antibonding components. The two 
equivalent bonding orbitals are shown in Fig. 12.20, and their antibonding 
partners can be generated by choosing the signs of the oxygen p-orbitals so that 
internuclear nodes appear. The two ¢, bonding orbitals have the same energy, 
although this fact is not obvious from lig. 12.20. Likewise, the two o}-orbitals 
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FIG. 12.20 


FIG, 12.21 


562 





o py 


Schematic representation of the formation of the two equivalent ao, bonding orbitals for a 
planar trigonal molecule. The two antibonding partners can be obtained by reversing the 
signs on the central p-orbital. 
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The molecular-orbital energy levels for NO3 and other planar trigonal molecules. 


have the same energy. The two o, bonding orbitals, two a} antibonding 
orbitals, and the o,-of bonding-antibonding pair give us the six o molecular 
orbitals which we expected to generate from the six available atomic orbitals. 
These six molecular orbitals appear in the energy-level pattern for NOQ3 as 
indicated in Fig. 12.21. 


MOLECULAR ORBITALS | 12.4 





Fach oxygen atom has a 2p-orbital which lies in the zy or molecular plane, 
but which ts perpendicular to its N—O bond axis. These three oxygen orbitals 
are nonbonding in the molecule, and thus their energy is about the same as 
that of a 2p-orbital in a free atom. This is indicated in Fig. 12.21. 
| We now consider the 7 molecular orbitals of NO3Z. To generate them we 
have one p-orbital on each oxygen atom and one p-orbital on the central 

nitrogen atom, all with their lobes above and below the molecular plane. From 
: these four atomic orbitals, we expect four molecular orbitals. As Fig. 12.22 
shows, it Is easy to generate a 7-7* bonding-antibonding pair of molecular 

orbitals. The remaining pair of z-orbitals is nonbonding and equal in energy. 
Unfortunately these are difficult to represent graphically in a way which con- 
vincingly demonstrates their equivalence. We will have to accept without proof 
the results of the mathematical analysis which reveals these properties. 
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Formation of the z and z* bonding and antibonding molecular orbitals in NO3 and other 
planar trigona! molecules. 


Having generated 16 molecular orbitals from the 16 atomic orbitals avail- 
able, we have a complete set of orbitals for NO3 and other molecules of similar 
geometry. The energy-level pattern of these orbitals is shown in Fig. 12.21. 
The 24 valence electrons of NO; fill four bonding orbitals and eight nonbonding 
orbitals. Since there are three N—O linkages, each can be called a 14 bond. 
This description is consistent with the resonance structures which occur m the 
valence-bond picture of NO3: 
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The molecules SO3, BF3, and CO; also have 24 valence electrons and have 
electronic structures which are the same as that of NO3. 
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In treating hydrocarbon molecules it is usually easiest to proceed as we did in 
Section 11.7 for ethylene. A system of localized o bonds is generated by forming 
hybrid orbitals on carbon which are appropriate to the molecular geometry, 
and then overlapping these hybrids to form o bonds to hydrogen atoms or carbon 
atoms. The second component of double bonds is then formed by the overlap 
of carbon p-orbitals which are perpendicular to the internuclear axis. This 
procedure 1s sufhcient to describe “isolated” double bonds which occur in 
1-butene or 1,4-pentadiene: 


1 2 5 4 1 2 3 4 D 
1-butene 1,4-pentadiene 


Special effects arise, however, when the double bonds are conjugated, or sepa- 
rated by only one C—C linkage, as m 1,3-butadiene: 


tf 2 3 4 


1 ,3-butadiene 


Let us treat the 7 bonding system of 1,3-butadiene by the delocalized molecular- 
orbital method. 

We begin by assuming that the o orbital system of butadicne exists, and 
that we have to deal with only one p atomic orbital ou each carbon atom. From 
these four atomic orbitals we can expect to generate four molecular orbitals. 
Figure 12.23 indicates how this is done. 

We see that the orbital of lowest energy has no internuclear nodes, and thus 
is bonding between all nuclei. The orbital of next higher energy has one node 
between the inner carbon atoms. Consequently it is bonding between atoms 
a and b, and between atoms ¢ and d, but antibonding between atoms b and ec. 
I’rom the nodal pattern of the third orbital, we see that it is b-c bonding, but 
a-b, and c-d antibonding. JT inally the orbital of highest energy has nodes 
between all nuclei, and is totally antibonding. Notice that the internuclear 
nodal pattern of these m-orbitals is very much like the nodal pattern of the 
particle-in-a-box wave functions. This analogy can be pursued quantitatively, 
and for long-chain conjugated molecules, particle-in-a-box wave functions are 
often used in place of LCAO molecular orbitals to describe the 7 electrons. 

In butadiene there are four electrons to be accommodated. Thus the two 
m orbitals of lowest energy in lig. 12.23 each have two electrons of paired spin 
in them. We have then two occupied orbitals which are bonding between atoms 
a and b, and atoms ec and d. Four 7 bonding electrons spread over two linkages 
give in effect one am bond at each linkage; this is consistent with the simple 
valence-bond description of butadiene. Of the two occupied orbitals, one is 
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bonding between atoms b and e¢, the other antibonding; thus there is approxi- 
mately no 7 bonding between these centers. This, too, is consistent with the 
simplest valence-bond picture. However, quantitative calculations show that 
this cancellation of + bonding between the inner atoms in butadiene is not 
exact, and that there is some double-bond character between them. In valence- 
bond terms, this is described by the resonance structures 


| —" 


a - 7? ae 
CH2—CH=CH—CH, «+ CH»=CH—CH=CH, — CH,.—CH=C—CHy. 


Again, the delocalized molecular-orbital method appears to be a more satis- 
factory method of describing these effects. 
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schematic representation of the formation of the 7 molecular orbitals of 1,3-butadiene from FIG. 12.23 
atomic p-orbitals. 
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In Section 11.8 we noted the special stability of the benzene molecule CgHg. 
The fact that this molecule has the geometry of a regular hexagon with six 
equivalent C—C bonds was rationalized by using the resonance structures 


Or’ 
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In Which the presence of carbon and hydrogen atoms 1 understood, How is this 
molecule deseribed in terms of delocalized molecular orbitals? 

We begin by assuming the existence of the o bonding system, and six unused 
p-orbitals perpendicular to the molecular plane. Irom these six atomic orbitals 
we expect to find six am molecular orbitals. As lig. 12.24 shows, one bonding- 
antibonding parr is easy to find. The strongly m bonding component consists 
of the overlap of all p-orbitals, with no internuclear nodes, whereas the m* 
antibonding orbital has nodes between all nueleit. These are respectively the 
lowest- and highest-energy a-orbitals of benzene. 
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schematic representation of the 7 molecular orbitals of benzene and their relative energy 
levels. The top view of the orbitals is given; the signs are opposite in the bottom lobes of the 
orbitals which lie below the molecular plane. 





Energy 


There are four molecular orbitals yet to be found. Generating these properly 
from the atomic orbitals requires techniques which we have not developed, so 
we shall have to quote the results. There is a pair of molecular orbitals shown 
In Pig. 12.24 which have only one node. Although these orbitals do not appear 
equivalent, they have the same energy and are predominantly of bonding 
character. The members of another pair of molecular orbitals, also shown in 
Wig. 12.24, have three nodal surfaces. These orbitals are of equal energy, even 
though they do not resemble each other. They are both of predominantly 
antibonding charneter. 
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The orbital cnergy-level pattern for benzene is given in Tig. 12.24. There 
are six electrons to occupy the lowest three w orbitals with paired spins. 
Occupation of these three orbitals gives six wm bonding electrons which cover 
the whole molccule. 


12.6 


In this chapter we have described the electronic structures of several types of 
molecules by one of the simplest approximate methods available—dclocalized 
molecular orbitals made by linearly combining atomie orbitals. These LCAO- 
MO’s give a useful qualitative picture of the electronic properties of molecules, 
but in their simplest forin do not allow accurate quantum-mechanical caleula- 
tion of molecular properties. Nevertheless, LCAO-MO’s allow us to see more 
clearly the sometimes very strong relationships between the structure and bond 
properties of superficially different molecules like B's and NO Z, COo and 
NOZ, OF and Fo, ete. Consequently, LCAO-MO’s, used critically and cau- 
tiously, can be an tmmportant means for qualitatively understanding and 
correlating chemical beliavior. 


CONCLUSION 
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12.1. Which of the following pairs of molecules would you expect to have the higher 
bond energy? 


ear; b) NO, NO-; c) BN, BO; 

d) NF, NO; ce) Be,, Bey. 

12.2 Construct a molecular-orbital energy-level diagram which would be appropriate 
for ionic molecules like Lif. 

12.3 Construct a molecular-orbital energy-level diagram for HE. 


12.4 The ion COZ can be produced in radiation-damaged crystals of substances that 
contain the —COOII group. What would you expect the geometry of COZ to be? 


12.5 Predict the geometries of the following triatomic molecules. 


a) CCn, b) CCO, c) FCO, d) FOO, 
e) FNO, f) FCN, g) NCO. 
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12.6 Given that NZ exists as a weakly bound ion, would you expect N, to be a bound 
molecule? What about Nes 


12.7 Predict the geometries of the following symmetric triatomic molecules: 


a) OBO, b) CNC, oF hy, d) CO, : 
e) OF, f) FF, g) O7. 


12.8 Discuss the relation between the bonding in the molecules BF3, F2CO, and 
FNOeg. Do you think a bound planar trigonal O4 might be found some time in’ the 
future? 


12.9 Discuss the wa molecular orbitals in cyanogen, which has the valence-bond 
structure N=C—C=N. 

12.10 What changes in the z molecular orbitals and energy levels occur when one of 
the CH groups in benzene is replaced by an N atom to give pyridine C5H5N? Note 
that nitrogen is more electronegative than CH, so orbitals with electron density at 
the nitrogen will be lowered. 


12.11 Use the molecular orbital-energy level diagram of problem 12.3 to consider the 
molecules OH and OH*. Would you expect their dissociation energies to O + H and 
O+-+ H, respectively, to be similar, or very different? Why? 
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CHAPTER 13 


PERIODIC PROPERTIES 


In this and subsequent ehapters we shall be dealing with the deseriptive ehem- 
istry of the elements. To say that this 1s a vast subjeet is a truism, for deseriptive 
ehemistry in the broadest sense includes all we know about all matter. Even a 
first approach to this subjeet would be hopelessly confusing were it not for a 
most useful generalization: the properties of the elements are periodic functions of 
their atomic numbers. With the help of this periodic law, it is possible to organize 
and to systematize the chemistry of the elements into a manageable subjeet. 
Learning deseriptive chemistry then beeomes a process of diseovery and assess- 
ment of faets, predietion and verifieation of chemieal behavior, and evaluation 
of eorrelations and explanations. AI] of this leads to an understanding of why 
elements have the properties they do. By no means are there satisfactory 
explanations for all ehemieal behavior and there is eonsiderable opportunity to 
generate new ideas about why matter behaves as it does. In this chapter we 
shall discuss some of the most useful systematie relations that exist in deserip- 
tive chemistry. This background will help us to organize the more detailed 
information in subsequent ehapters and will provide us with a general view of 
ehemieal behavior. 


13.1 THE PERIODIC TABLE 


Sinee the first publications of the periodic law by Alendeleev and Meyer in 
the 1870’s, there has been a very large number of forms proposed for the periodie 
table. The version that is easiest to use and whieh is most elosely related to the 
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electronic structures of the atoms is the so-called long form shown in Table 13.1. 
The elements fall into 18 vertical columns which define the chemical families 
or groups. The members of each group most often have valence-electron con- 
figurations that are the same, except for principal quantum numbers. While 
chemical similarities are most often strongest among elements in the same 
column, there is some resemblance between elements that are not in the same 
column but which do have the same nwmber of valence electrons. lor example, 
members of the scandium group have the configurations (2 — 1)d'ns? and are 
in some respects similar to the elements below boron, which have the con- 
figurations ns*np'. Consequently, the elements under scandium in the third 
column are said to be members of group III, subgroup B, or simply of group 
IIIB, while the boron family is labeled as group IIIA. Other groups in the 
periodic table are related and labeled in a similar manner. The elements in the 
three columns designated as group VIII resemble each other in many respects 
and separate the A subgroups from the B subgroups in the periodic table. 





The separation of the periodic table into blocks of elements according to the filling of 
valence orbitals. 


To keep the periodic chart from being excessively long, the 14 elements which 
follow lanthanum and the 14 elements that fall after actimrum are placed in 
separate rows at the bottom of the table. This procedure also emphasizes that 
the periodic table can be broken into blocks of elements on the basis of the 
electron configurations of the atoms. T igure 13.1 shows that the elements m 
which the s-, p-, d-, and f-orbitals are being filled are grouped naturally m 
the long form of the periodic table. The cight families of the s- and p-blocks 
are often called the representative elements, those of the d-block are called transi- 
tion elements, while members of the f-block are known as the inner transition 
elements. 

While the structure of the periodic table is designed to emphasize the exis- 
tence of vertical relationships between members of the same group, a number of 
properties show regular trends along each row of the table. We have already 
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come upon one such trend in Chapter 10: the general tendency for jonization 
energy to inerease along any row of the periodic table. Our discussion in this 
and subsequent chapters will reveal other similar horizontal trends m chemical 
and physical properties. In addition, important d/agonal relatiouships appear: 
There are often similarities between an element and its diagonal neighbor in 
the succeeding column and row of the periodic table. To make the existence of 
such relationships clear, and to emphasize the usefuiness of the periodic table, 
in the remainder of this chapter we shall discuss some of the clearer trends in 
the properties of the elements and of some of their common compounds. 


13.2 PERIODIC PROPERTIES 


A very large number of chemical and physical properties of the clements vary 
periodically with atomic number. Some of these properties are related to the 
electron configurations of the atoms in quite obscure and complicated ways, 
while others are more susceptible to interpretation and explanation. These 
latter: properties, such as electrical conductivity, crystal structure, ionization 
energy, electron affinity, possible oxidation states, and atomic size, are related 
to each other and to the general chemical behavior of the elements. Thus an 
appreciation of the importance of these particular propertics, aud of how they 
vary throughout the periodic table, will help us to correlate, remember, and 
predict the detailed chemistry of the elements. 


Electrical and Structural Properties 
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The chemical elements can be classified as metals, nonmetals, and semimetals on 
the basis of their electrical properties alone. Metals are good conductors of 
electricity, and their electrical conductivity decreases slowly as temperature 1s 
inereased, The nonmetals are electrical insulators: Their ability to conduet 
electricity is either extremely small or undetectable. The eleetrical conductivities 
of semimetals or semiconductors are small but measurable, and tend to increase 
as temperature increases. Electrical conductivities are usually measured in 
units of ohm7!-em7!, and a conductivity of 1 ohm7!+ cm! means that if a 
potential difference of 1 volt is applied to opposite faces of a I-em cube of 
material, a current of 1 amp will flow. The electrical conductivities of metals 
are, in general, greater than approximately 1 x 104 ohm7! - cm !, as Table 13.2 
shows, The shaded group of semimetals have small conductivities (in the range 
from 10 to 107° ohm! - em7!) that are sensitive to impurities, and nonmetals 
have even smaller conductivities (i.e., are insulators). 

Table 13.2 shows that the metallic elements appear in the left-hand part of 
the periodic table, and are separated from the nonmetals by a diagonal band of 
semimetals that runs from boron to tellurium. The classification of elements 
close to this group of semimetals is not always straightforward, for several of 
the elements of groups IVA, VA, and VIA occur in different allotropic forms, 
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Table 13.2 The electrical conductivities of the 
elements in units of 104 ohms—! -cm-—! 





each of which has different clectrical properties. Tor example, the a-phasc of 
tin, sometimes called grey tin, has the diamond type of crystal lattice found in 
silicon and germanium, and like these clements, grey tin has the electrical 
__-properties of a semimetal. On the other hand, white tin, the 6-phase that is 
stable above 13°C, is a metallic conductor. As another cxample, white phos- 
phorus, a molecular solid of P4 units, and red phosphorus, which has a complex 
chain structure, are both clectrical insulators and thus are of nonmetallic 
character. In contrast, the allotrope black phosphorus has a crystal structure 
made up of corrugated sheets, as shown in Fig. 13.2, and in this form phos- 
phorus behaves like a semimetal. Similar phenomena are found for sclenium. 


The crystal structure of the FIG. 13.2 
black phosphorus allotrope. 
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One allotrope is a molecular solid which consists of rings with the formula Seg, 
and in this form selenium is a nonmetal. Another allotrope ts made up of long 
covalently bonded chains of selenium atoms and has the electrical properties 
of a semimetal. Thus not all elements can be classified uniquely as metals, 
semimetals, or nonmetals without reference to the occurrence of allotropic forms. 

Despite the classification difficulties imposed by allotropy, a few generaliza- 
tions are clear. Metallic behavior is found among the transition elements, the 
members of groups I and II, and the heavier elements of groups IITA, PVA, 
and VA. As noted in Chapter 3, the metallic elements have crystal structures 
of high coordination number, either 12 in the closest-packed lattices, or 8 in the 
body-centered cubic lattice. In contrast, the distinctly nonmetalhe elements 
are the lighter members of groups IVA, VA, VIA, and VIIA. These elements 
usually occur as small covalently bonded molecules like No, 5s, and Clo, which 
form volatile molecular solids. The semimetals have complex crystal structures 
which may involve three-dimensional networks, infinite layer lattices, or long 
chain molecules. The coordination number in these crystals is small, m contrast 
to metallic crystals. On the other hand, semimetallic solids do not incorporate 
the small diserete molecular units found among the nonmetals. These cor- 
relations between electrical and structural properties are particularly evident 
among the elements which exist in several allotropie forms. 


lonization Energy, Electron Affinity, and Electronegativity 
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The very striking periodic variation of the ionization energies of the elements 
and its relation to the electron configurations has been discussed in Section 10.6. 
Here we need only recall the gross features of this variation and note their rela- 
tion to the general properties of the elements. As Fig. 10.23 shows, among the 
elements of any row of the periodic table the ionization energy tends to Increase 
as atomic numbers inerease. As we noted in Section 11.9, metallic behavior is 
associated with elements of low ionization energy, and thus the inerease of 
ionization energy along a period is related to the disappearance of metallic 
character that occurs eventually in any row of the periodic table. In a given 
family or column of the table, the ionization energy tends to decrease as the 
atomie numbers increase. This behavior is clearest among the representative 
elements, and is related to the appearance of metallic properties which occurs 
as the atomie numbers inerease in groups IIIA, IVA, VA, VIA, and VIIA. 
For example, boron, which has an ionization energy of 191 keal, is a semimetal, 
but the other members of group IIA have ionization energies of 140 keal or 
less, and are metals. Similar vertical trends in ionization energy and inctallie 
properties occur in groups IVA, VA, VIA, and VITA. 

It is difficult to make any generalizations concerning the periodic behavior 
of eleetron affinities because the electron affinities of relatively few elements 
are known with certainty. Nevertheless, the data in Table 13.8 show that the 
electron affinities of the nonmetals are usually higher than those of the metals, 
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Table 13.3 Electron affinities of gaseous atoms (kcal/mole) 





and im particular, the electron affinities of the halogen atoms are strikingly 
large. The variation of the clectron affimity and jonization energy with atomie 
number makes it clear that the nonmetals have greater tendency to acquire 
and less tendency to release electrons than do the semimetals and metals. 

An element that tends to acquire rather than lose electrons in its chemical 
interactions 1s sud to be electronegative. Various attempts have been made to 
create a quantitative seale of cleetronegativity. Perhaps the simplest procedure 
is that of R. S. Mulliken, who suggested that eleetronegativity 1s proportional 
to the average of the ionization energy and the electron affinity. Another scale 
of electronegativity, proposed by Pauling, is based on the difference in the bond 
energies of diatomic molecules. Pauling suggested that the difference im the 
electronegativities X, and V3; of two atoms A and B is given by 


IX, — Xp| = 0.208 [Dan — (Daa Dup)'!*]""*, Gio) 


where Dap ts the bond energy of the diatomic molecule AB expressed in keal/ 
mole, and Da, and Dy are the corresponding quantities for the molecules 
A»y and Bo. Thre factor 0.208 arises from tlre conversion of electron-volts to 
kilocalories. The form of Eq. (13.1) is empirical; it is based on the observation 
that the bonds between atoms of qualitatively different cleetronegativity tend 
to be stronger than bonds in homonuclear molecules. Tlrus the bond energy 
of any of the hydrogen halides HX is greater than the geometric mean 
(DinDxx)'!? of the bond energies of the halogen and hydrogen. This extra 
bond energy of the polar molecule is taken by Pauling to be a measure of the 
electronegativity difference of the atoms, as Iq. (13.1) states. 

Other clectronegativity scales, based on different, less well-defined properties 
of atoms, have been proposed. Tven though the bases of these scales may seem 
quite unrelated, it 1s often found that one seale differs from another only by a 
constant multiplying factor, and thus the scales may be in large measure equiv- 
alent. By use of the Pauling, Mulliken, and other definitions, it 1s possible to 
assign numerical values of electronegativity to almost every clement. Table 13.4 
is a partial list of these electronegativity values. The value of such a table 
is twofold. It provides a clear expression of the qualitative generalization that 
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Table 13.4 
Electronegativities of the representative elements 





the ability of elements to attract and hold electrons increases from left to right 
along any row, and from bottom to top in any column of the periodic table. 
This observation is important in the understanding of the chemical behavior of 
the elements. The second use of the numerical electronegativity scale is that 
clectronegativity differences often can be related semiquantitatively, although 
empirically, to properties of bonds such as dipole moments and bond energies. 
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The important oxidation states of the clements are represented graphicaily in 
Fig. 13.3. There are some very clear periodic regularities, and appreciation of 
these can simplify the problem of remembering the important chemistry of the 
elements. 

The oxidation states of the representative clements bear a simple relationship 
to the electron configurations of the atoms. Many of the oxidation states 
correspond to the atom’s losing or gaining enough electrons to acquire, at least 
formally, a “elosed shell” electron configuration of the type ns?np® or nd. 
This tendency is particularly clear in groups JA and IIA, and among the lighter 
members of group IIIA. In group IIIA, the valenece-electron configuration of 
the atoms is ns?n7v1, and loss of three electrons to form the +3 oxidation state 
results in ions which have the (n — 1)s?(n — 1)p® or (n — 1)d'° configurations. 
For the elements indium and thallium, however, the +1 oxidation state also 
oecurs, and this corresponds to loss of only the p-electron and results in an 
ns?-configuration for Int and T]*. Oxidation states that correspond to loss of 
np-electrons and retention of ns*-clectrons also oecur among the heavier ele- 
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The common oxidation states of the representative elements and transition metals plotted 
as a function of atomic number. 


ments of groups IVA, VA, VIA, and VIIA. Thus tin and lead, which have 
ns*np*-configurations, display both +2 and +4 oxidation states; phosphorus, 
arsenic, antimony, and bismuth with the ns*np°-configuration have both +3 
and +5 oxidation states, and so on, as lig. 13.3 shows. 

In any of the groups IITA, IVA, VA, VIA, and VIIA, where two or more 
positive oxidation states are found, the lower oxidation states tend to become 
more important as one goes down a column in the table. That is, the chemistries 
of carbon, silicon, and germanium involve the +4 oxidation state almost exclu- 
sively, while for tin and particularly lead the +2 state 1s more important than 
the +4 state. Likewise, while the +5 state is very important in the chemistry 
of nitrogen, phosphorus, and arsenic, it 1s less so for antimony, and for bismuth 
the +3 state is dominant and the +4 state occurs rarely. 

While positive oxidation states are of exclusive importance for the metals, 
and almost as important for the semimetals, negative oxidation states appear 
in group VA and are very common among the nonmetals. Thus nitrogen and 
phosphorus form nitrides and phosphides which contain the N7* and P~? ions 
respectively, but the —3 state is much less important in the chemistries of 
arsenic aud antimony, and virtually nonexistent in bismuth chemistry. In 
group VIA the —2 state is important for all the elements, but it is relatively 
-more important for the lighter than for the heavier members of the group. 
The same can be said for the —1 oxidation state displayed by elements in group 
VIIA. The importance of negative oxidation states among the hghter nonmetals 

isistent with the relatively high electronegativity of these elements. 
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The transition elements display a large number of oxidation states, but there 
are still some regularities and trends to be noted. The maximum oxidation 
states found for the scandium, titanium, chromium, and manganese families 
correspond to the loss or the participation in bonding of all electrons m excess 
of an inert gas configuration. That is, members of the scandium family have 
the configuration [inert gas] (n — 1)d'ns* and display only the +8 oxidation 
state. Likewise, members of the manganese family have the configuration 
finert gas] (n — 1)d°ns? and have a maximum oxidation state of +7. These 
remarks, together with the information in Tig. 13.3, show that for transition 
elements with a d-shell no more than half-filled, the maximum oxidation state 
is equal to the number of the group. For elements of the first transition series 
which have more than five 3d-electrons, however, oxidation states higher than 
+2 or +3 are rare. Thus the chemistry of iron, which has the valence-electron 
configuration 3d®4s?, is largely confined to the +2 and +3 oxidation states, 
while the +6 state is rare and the possible +8 state is unknown. The +8 state 
is of importance in the chemistry of the other members of the iron family, 
ruthenium and osmium. In the cobalt, nickel, copper, and zinc families, the 
important oxidation states are all less than what would correspond to removal 
of all s- and d-electrons. 

Another useful generalization about the transition elements 1s that among 
the members of any family, the higher oxidation states become relatively more 
important as the atomic number increases. Tor example, titanium chemistry 
involves the +2, +3, and +4 states, but the chemistry of zirconium and hafnium 
is almost entirely that of the +4 state. Similarly, the +2, +38, and -++6 states 
of chromium are all important, but the chemistries of molybdenum and tung- 
sten involve the -+6 state primarily. In general, the members of the 3d transition 
series all have important lower oxidation states, either -+-2, +38, or both. Yor 
the elements of the 4d- and 5d-series, these states are often not important, if 
they exist at all. Note carefully that the increased importance of higher oxida- 
tion states that occurs going down a column of the transition metals is opposite 
to the trend observed among the representative elements. 
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The periodic variation of the size of the atoms was first noted by Lothar Meyer 
in 1870. Meyer computed the “atomic volume” by dividing the atomic weight 
of an element by its density. When this quantity is plotted as a function of 
atomic number, the sawtooth curve shown in Tig. 13.4 results. The atomic vol- 
ume calculated in this manner is at best only a qualitative indication of atomic 
size, for the density of an element depends on its temperature and its crystal struc- 
ture. Elements that exist in a number of different allotropic crystalline forms 
would apparently have more than one atomic volume. Nevertheless, the periodic 
variation of atomic volume is striking, and atomic size is a very useful concept 
which can help us to understand the chemistry of the elements. 
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The atomic volume expressed in cc/mole plotted as a function of atomic number. 


Because the electron cloud of any atom has no definite limit, the size of an 
atom cannot be defined simply and uniquely. However, one valid measure of 
atomic size is the value of the Lennard-Jones o-parameter, which represents 
the distance of closest approach of the nuclei of two free gaseous atoms. If the 
atoms are pictured as spheres, ¢ is equal to their diameter, and thus ¢/2 repre- 
sents an atomic radius. The values of ¢/2 for the inert gases are given in 
Table 13.5. It is clear that in this single family, the atomic radius increases as 
atomic number increases. 


Table 13.5 Lennard-Jones radii 
of the noble gas atoms, a/2 (A) 





To assess the sizes of the atoms of metallic elemeuts, the internuclear distance 
in the metallic crystal is determined by x-ray diffraction and divided by two to 
give an atomic radius. The appareut radius of an atom determined in this 
manner depends to a certain degree on the crystal structure of the metal. Tor 
example, the apparent radius of the titanium atom in the body-centered cubic 
lattice, 1.43 A, is different from the radius of 1.49 A found in the hexagonal 
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Table 13.6 Atomic radii of metallic elements (angstroms) 





closest-packed lattice. The difference is not usually of serious magnitude, how- 
ever, and a meaningful set of atomic radi can be tabulated. Table 13.6 gives 
a few such data. It is clear that in a given family, size increases as atomic 
number increases. Among elements in a given row of the periodic table, how- 
ever, size decreases as the atomic number increases. Both these trends are to 
be expected on the basis of the accompanying changes in electronic structure. 
As atomic number increases in a given family, the principal quantum number of 
the valence electrons increases, and consequently these electrons lie at greater 
and greater distances from the nucleus. Along a given row of the periodic 
table, the principal quantum number of the valence electrons is constant, but 
as the nuclear charge increases, the valence electrons tend to be drawn closer 
to the nucleus, and the atoms tend to become smaller. 

Another quantitative expression of size which is more useful in understanding 
chemical properties is the ionic radius. In Section 11.2 we gave the values of 
several ionic radii and suggested how they were related to crystal geometry. 
Here we need only emphasize the regular trends in ionic size which occur in the 
sequences of the periodic table. In Fig. 13.5 the ionic radu of several ions are 
plotted as a function of atomic number. It is clear that for any isoelectronic 
sequence, that is, for any series of ions which have the same number of electrons, 
the ionic radius decreases as the atomic number increases. This is certainly to 
be expected, for as the nuclear charge increases, the electron cloud is bound 
to coutract. The data also show that ionic size increases as atomic number 
increases in a given family. A particularly interesting feature of this trend is 
the noticeable discontinuity in the slope of the dashed lme in Vig. 13.5 that 
occurs at the element potassium. The ionic radu of the members of a family 
do not increase as rapidly after potassium as before. One suggested explanation 
is that in the interval between potassium and rubidium the first transition 
series occurs, and as these “extra” elemeits enter the periodic table, the increas- 
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The ionic radii of several ions plotted as a function of atomic number. The solid lines link 
ions that are isoelectronic. 


ing nuclear charge tends to cause the atoms and their ions to contract. Thus 
the ions that follow any of the transition series are smaller than if only eight 
elements had separated them from the lighter members of their family. 

A very clear demonstration of how ionic size decreases along a transition 
series 1s provided by the lanthanide elements. In the 14 elements that follow 
lanthanum, 4f-electrons are being added to give electron configurations of the 
type 5s75p°4f"6s". All the lanthanides form -++3 ions in which the two 6s- 
electrons and one of the 4f-electrons have been lost. The size of these ions 
becomes progressively smaller as the atomic number increases, as Table 13.7 
shows. This decrease is known as the lanthanide contraction, and its occur- 
rence is rather directly responsible for a number of features of the chemistry 
of the transition elements which follow the lanthanides in the periodic table. 


Table 13.7 lonic radii of the lanthanide elements (angstroms) 





Lat3 1.061 Tbt+? 0.923 
Cet3 1.034 Dyt3 0.908 
Prt3 1.013 Hot? 0.894 
Ndt+3 0.995 Ert3 0.881 
Pm*? 0.979 Tmt+3 0.869 
Smt? 0.964 Ybt? 0.858 
Euts 0.950 Lut? 0.848 
Gdt+3 0.938 
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Oxygen forms binary compounds with all the chemical elements except some 
of the inert gases. A comparison of the properties of the oxides reveals some of 
the characteristics of the elements and helps to systematize the chemistry of 
the more complex compounds. In the following we shall be concerned exclu- 
sively with the normal oxides—those in which oxygen displays an oxidation 
state of —2. The peroxides and the superoxides, which contain the Og and Og 
ions respectively, will be discussed in Chapter 15. 

Table 13.8 contains the standard free energies of formation of a few of the 
oxides. The most striking feature of these data is that virtually all the elements 
form at least one oxide which has a negative free energy of formation. The 
exceptions include some of the halogens, inert gases, and nitrogen. Thus the 
oxides as a group are very stable compounds, and are exceeded in this respect 
only by the fluorides. 


Table 13.8 Standard free energy of formation 
of some oxides, AG? (kcal/mole) 

















LigO BeO CO2 N2O5 O2 
—133.9 | —136.1 | —283 2/3 
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Na2O MgO Si02 P4010 SOe 
— 90.4 | —135.3 | —377 —191 — —71.8 
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K20 CaO GeOo2 As406 SeO02 
— 86.4 | —144.4 | —237 —275 —41.5 
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Rb2Od SrO Sn02 Sb40¢6 TeOg 
— 69.5 | —138.8 | —200 —298.0 | —64.6 
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Cs20 | BaO T1203 PbOg Bi203 PoOg 
— 65.6 | —126.0 | —118 —46 























































The standard enthalpies of formation of the oxides, like their free energies of 
formation, range in value from very negative to positive. Nevertheless, it 1s pos- 
sible to detect some regularities in the thermochemistry of the oxides. To do this 
we must compare the enthalpies of formation per gram-equivalent of oxygen. 
That is, for an oxide of general formula M,O,, we divide AH; by the integer 
2y to get a number which represents the stability of the bonds to an oxygen 
atom more faithfully than does the molar enthalpy of formation itself. We see 
from Fig. 13.6 that the enthalpy of formation per gram-equivalent of oxygen 
tends to become more negative as atomic number decreases along a given period. 
This trend indicates that, in general, oxygen forms compounds of greatest 
stability with elements which are well removed from it in the periodic table. 
We shall find that this ts true for some other elements; the most stable compounds 
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of the elements of groups VIA and VIIA are those with the elements of groups IA, 
ITA, IIIA, and the transition metals. 

One very useful way to classify oxides is in terms of acid-base properties. 
In general, any eompound that dissolves in, or reacts with, water to produce 
an exeess of hydrogen ions ean be ealled an acid, and any compound that 
produces a deficiency of hydrogen tons is a base. Oxides like NagO and BaO 
are clearly basie, for they dissolve in water aceording to the reactions 


NaeO(s) + H2O = 2Nat(aq) -+ 20H (aq), 
BaO(s) + H2O = Batt (ay) + 20H (aq). 


There are a number of oxides that are tnsoluble in water, but dissolve in solutions 
of acids. Tor example, we have 


MnO(s) + 2H*(aq) = Mnt*(aq) + H.O, 
NiO(s) + 2H*(aq) = Nit*(aq) + H,0. 


These oxides are also considered to be basic, for they react with a known acid. 
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The enthalpy of formation per equivalent of oxygen [(1/2y)AH°(M,0,)] plotted as a func- 
tion of position in the periodic table. 


In contrast, there are oxides that are clearly acidic. For example, both SO, 
and P4,O;9 react with water to produce hydrogen ions: 


SO3(s) + H,0 = H*(aq) + HSOj (aq), 
P4,Or0(s) + 6H,O = 4H (aq) ae 4HPQ, (aq). 
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Certain other oxides like SiO, are insoluble in water, but react with strong 
bases to form soluble salts: 


Si0e(s) + NagO(s) = Nags103(s), 
NaeSiO3(s) + H2O = 2Nat(aq) + Si03 (aq). 


Such oxides are also acidic, but less so than SO3 or P4Oyo. 

There are also some oxides that have both acidic and basic properties. Jor 
instance, AleO3 and ZnO are rather insoluble in water, but dissolve in either 
strong acids or strong bases: 


Al,O3(s) + 6Ht(aq) = 2A1T?(aq) + 3H20, 
Al,O3(s) + 20H~(aq) + 8H20 = 2Al1(OH); (aq), 
ZnO(s) -+ 2H*(aq) = Zntt(aq) + HO, 
ZnO(s) + H2O + 20H (aq) = Zn(OH); (aq). 


Oxides that react with acids and bases are said to be amphoteric. 

Table 13.9 compares the acid-base properties of some of the oxides. It 1s 
clear that the elements in the lower left-hand region of the periodic table form 
basic oxides, while the acidic oxides are associated with the nonmetallic elements 
of the upper right-hand region. Dividing these two groups are the amphoteric 
oxides of Be, Al, Ga, Sn, and Pb; these lie in a diagonal band enclosed in heavy 
lines in Table 13.9. Along any row of the table, oxide acidity increases as atomic 
number mecreases, but in any family oxide acidity decreases as atomic number 
increases. In summary, we can say that among the representative elements, 


Table 13.9 Acid-base properties of some 
oxides of the representative elements 


Increasing basic character 





——— Oooo 
increasing acidic character 
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the oxides of the metals usually are basic or amphoteric, those of the nonmetals 
are acidic, and those of the semimctals are weakly acidic. 

A number of elements both in the transition series and among the reprc- 
sentative groups form scveral oxides. The general observation is that in these 
cases the acidity of the oxides increases as the oxidation number increases. 
For example, we can cite the following. 


VO basic CrO basic As2O3 weakly acidic 
V.O3_ basic Cr203 amphoteric AsoOs acidic 

VO. amphoteric CrO3 acidic 

V2.0; acidic 


We shall encounter other illustrations of this rule in subsequent chapters. 

Another, somewhat less straightforward, method of classifying the binary 
oxides is by bond type. The solid oxides of the alkali metals have the anti- 
fluorite lattice in which each metal atom is surrounded by four oxygen atoms, 
and each oxygen atom by eight metal atoms. There is no suggestion of diserete 
M.O molecules, and thus these compounds can be considered as ionic oxides. 
Likewise, the alkaline-earth oxides and many of the transition-metal oxides of the 
type MO exist in the typically ionic rock-salt lattice structure. The mechanical, 
electrical, and thermal properties of these compounds are those associated 
with ionic lattices. Thus the oxides of groups IA, IIA, and of the transition 
metals in their lower oxidation states are ionic compounds. 

Many of the oxides of the nonmetals exist as discrete molecules under all 
circumstances, and this indicates that the bonds in thesc compounds are pre- 
dominantly covalent. The covalent oxides, like NO, F20, ClO2, and SOs, are 
formed principally by elemcnts which, being close to oxygen in the periodic 
table, have electronegativities rather close to that of oxygen. 


\ sp Ng ON ie oN 


A segment of the infinite double chain of the 

O O $b40.¢ crystal. Each antimony atom lies at the 
apex of a pyramid whose base is formed by 
three oxygen atoms. 
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The oxides of the heavier nonmetals and semimetals tend to be solids of 
moderately complex crystal structure. Thus, while CO, exists as discrete mole- 
cules, SiO, 1s an infinite three-dimensional network consisting of alternate 
silicou aud oxygen atoms covalently bonded, and both GeOg and SnO», have 
complex three-dimensional structures in which oxygen 1s bonded covalently. 
Among the oxides of group VA, the transition from “molecular” to covalent 
lattice compounds occurs at antimony. Thus, besides the molecular oxides of 
nitrogen, the compounds P4,0¢, P4019, and As4,Og¢ exist as discrete molecules 
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both in the gas and condensed phases, but Sb4,O, exists both as discrete mole- 
cules or as a solid of infinite covalent chains of the type shown in Fig. 13.7. 
In group VIA, the oxides of sulfur are discrete small molecules, but SeO2 exists 
in the solid as infinite covalent chains, and TeQ» also shows no diserete small 
molecules in the solid phase. 

To summarize the bonding properties of the oxides, we can say that the 
distinctly metallic clements form ionic oxides, while the oxides of the very 
electronegative nonmetals are, in general, small discrete covalently bonded 
molecules both in the gas and condensed phases. The oxides of the heavier 
nonmetals and the semimetals very often exist in the intermediate condition of 
an infinite lattice with largely covalent linkages. There is then, a fairly close 
correlation between the acid-base properties of oxides, and their 1onie-covalent 
character. The ionic oxides tend to be basic or amphoteric, the oxides of the 
infinite covalent lattice structures have weakly acidic, weakly basic, or ampho- 
teric properties, and the molecular oxides tend to be aeidie. 
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The formulas of some of the binary hydrogen compounds of the elements are 
given in Table 13.10, together with their standard enthalpies of formation. 
The enthalpies of formation show that hydrogen forms energetically stable com- 
pounds with the very electropositive elements of groups IA and ITA, and with 
the very electronegative elements of groups VIA and VIIA. The hydrides of 
the heavier elements of groups IIJA, IVA, and VA tend to be unstable, and in 
some instances are so difficult to prepare that little is known about their prop- 
erties. Several of the elements, most notably B, C, Si, and Ge each form more 
than one hydride, and only the simplest of these appear in Table 13.10. 

On the basis of chemical and physical properties it is possible to classify the 
hydrides as of the zonic, covalent, or interstitial type. The compounds of hydrogen 


Table 13.10 Standard enthalpies of formation 
for some hydrides, AHy (kcal/mole) 
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with the alkah and alkaline-earth metals can be prepared by direct action of 
the elements at clevated temperatures, and are white crystalline solids. When 
any of these hydrides is dissolved in molten salts such as LiCl and IXCl and 
electrolyzed, hydrogen gas is evolved at the anode. This mdicates that the 
ion H™ is present in the mixture. Quite elaborate spectroscopic experiments 
have shown that the gaseous lithium hydride molecule is very polar, with the 
hydrogen atom bearing the negative charge. Available experimental data 
indicate then, that the hydrides of groups IA and IIA contain the hydride 
ion H™. For this reason, these ionic compounds are often called the saline, or 
saltlike hydrides. 

It is interesting to compare the energetics of formation of the hydride ton 
with the corresponding values for the fluoride ion. We have 


+Ho(g) = H(g) AH = 52 keal 
_H(g)+e7= Hg) AH = —17 kcal 
4Ho(g)+e = H (g) AH = +835 keal 


31°o(g) = Nea) AH = 18.5 keal 
Pi +e7 =F) AH = 80.5 keal 
sh o(g) +e” = If (g) AH = —62.0 keal 


Thus the formation of the gaseous hydride ion is an endothermic process, 
whereas formation of the fluoride ion, or any of the other gaseous halide ions, 
is an exothermic process. Because the formation of the hydride ion 1s so ener- 
getically unfavorable, 1t is not surprising that ionic or salthke hydrides are 
formed only by the very electropositive elements of groups IA and IIA. The 
lonization energies of the other elements are high enough to prevent the transfer 
of their electrons to the hydrogen atoms. 

The relative instability of the hydride ion suggests that saline hydrides should 
be good reducing agents. In fact, reactions such as 


NaH + CO, = HCOONa 
4NaH + NaeSO, = Na2sS + 4Na0H 


take place at elevated temperatures and demonstrate the reducing power of 
the hydride ion. In addition, the hydride ion reacts rapidly and completely to 
reduce water or any other proton donor to hydrogen, as in 


CaH» + 2H2O = Ca(OH). + 2He. 
Thus we can regard hydride ion as a powerful reductant and very strong base. 
The representative clements of groups IVA, VA, VIA, VITA, and boron of 


group IIIA form volatile molecular hydrides in which the bonds to hydrogen 
are largely of covalent character. Among these covalent hydrides there are a 
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FIG. 13.8 
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number of clear trends in thermal and chemical properties. I'igure 13.8 shows 
that the H—X bond energies of the bmary hydrides increase along any row 
of the peniodice table. Tuthermore, in any given column, the H—X_ bond 
energies decrease as the atomic numbers mecrease. These trends in bond energies 
account for the mstability of the hydrides of the heavier clements of groups 
IVA and VA. The compounds PbIl, and Bills are so unstable that only trace 
amounts have ever been detected. 
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The ionic hydrides are strong bases, and along any given row of the penodic 
table, the covalent hydndes become increasingly acidic as the atome numbers 
Inerease. Thus methane, CHy, has virtually negligible aaidie properties, but 
NHz3 donates a proton to very strong bases to form NH ,, H2O loses a proton 
even more readily, and HF is a moderately strong acid. This trend in aeidity 
appears again in the succeeding rows of the periodic table. In addition, the 
acidities of the hydrides of groups VIA and VITA increase as one proceeds down 
these columns. 

The bothng temperatures and the enthalpies of vaporization of some covalent 
hydrides are plotted as a function of position in the penodic table in ligs. 13.9 
and 13.10. In the sequence HoS, HeSe, HeTe there is an merease in both 
boling temperature and Al/yap. This trend is to be expected, for in general, 
attractive intermolecular forces increase in strength as the number of electrons 
in the molecules increases. It is clear, however, that the enthalpy of vaponzation 
of water and its boiling temperature are both much higher than what we might 
expect from the trend established by HeoS, HeSe, and HeTe. The same phe- 
nomenon occurs among the hydrides of groups VA and VIIA: The cohesive 
forees between the molecules of the hydride of the hghtest member of each 
family are markedly larger than would be expected from the ordinary variation 
of intermolecular forees with number of electrons. These data, and considerably 
more information drawn from molecular spectroscopy, have led to the conclusion 
that if hydrogen is bonded to a very electronegative atom, it is capable of form- 
mg another weak bond with another electronegative atom which has a pair of 
nonbonded electrons. This interaction, called the Aydrogen bond, is weaker than 
most chemical bonds because the dissociation energy of a hydrogen bond is only 
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about 7 keal/mole. On the other hand, the hydrogen bond is much stronger 
than the ordinary van der Waals “bonds” between molecules. 

It is difficult to overemphasize the importanee of the hydrogen bond. Hydro- 
gen bonding is responsible for the high boiling point of water, and for that 
reason alone it exerts an enormous influence on physiological and geological] 
processes. Morcover, hydrogen bonding helps determine the configurations of 
greatest stability for virtually every large biologically important moleeule. 


10 


Enthalpies of vaporization of some 
molecular hydrides and the noble 
gases. 
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Boiling points of some molecular 
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Thus even though it is an interaction that occurs only when hydrogen is bonded 
to a very restricted group of atoms, hydrogen bonding is responsible for the 
nature of hfe as we know it. 
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Despite the importance of hydrogen bonding and the great amount of work 
devoted to understanding it, no completely satisfactory theoretical explanation 
of the hydrogen bond has been found. Like other bonds, hydrogen bonds form 
because by their doing so, there occurs an energetically favorable redistribution 
of electron density among the atoms. It is the exact nature of this redistribution 
that is not clear at this time. 

While the hydrides of the nonmetals are well-characterized molecular com- 
pounds, less is known about the transition-metal hydrides. Alany of these 
compounds have nonstoichiometric composition. Aletallic titanium and vana- 
dium absorb hydrogen with evolution of heat, but the arrangement of the 
metallic atoms in the lattice remains substantially constant with only a slight 
increase in the distance between nearest neighbors. Thus the hydrogen seems 
to occupy interstitial positions in the metallic lattice, and these “compounds” 
are sometimes called interstitial hydrides. It is not clear in many instances 
whether the interstitial hydrides should be regarded as true compounds or 
merely as solutions of hydrogen m the metal. Despite the general lack of knowl- 
edge about the nature of the transition metal—hydrogen systems, some of them 
are of considerable importance in the laboratory. Nickel, platinum, and palla- 
dium absorb varying quantities of hydrogen gas and in this condition act as 
catalysts for reactions such as 


Peed 


Ho + CoH, oN CoHg, 
where hydrogen is added to other molecules. 

The hydrides of Be, \lg, Al, and the heavier members of group IIJA are 
nonvolatile solids which are poorly characterized, but which appear to have 
properties intermediate between the ionic hydrides and the covalent molecular 


hydrides. 
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In this chapter we have discussed a few of the general properties of the chemical 
elements and their simple compounds. In studying inorganic chemistry, it is 
helpful to recognize how the variations in such properties of an element as 
electron configuration, 1onization energy, atomic size, oxidation states, and the 
nature of oxides and hydrides are correlated, and how these variations reflect 
the general nature of the elements. Therefore, let us summarize the properties 
which we have associated with the metallic, semimetallic, and nonmetallic 
elements. 

Metallic elements are found in the lower and left-hand regions of the periodic 
table. In general, they have low ionization energies and fairly large atomic 
radii which tend to decrease from left to right along a row of the periodic table. 
In metallic crystal lattices, the coordination number is high—usually 8 or 12. 
In their compounds, metals display positive oxidation states virtually exclu- 
sively. The representative metals most often have only one or sometimes two 
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oxidation states. When there are two known oxidation states, the lower tends 
to be the more important partieularly for the heavy representative metals. 
The transition metals, in general, display several oxidation states. While the 
lower states sueh as -++2 and +3 are important in the chemistry of the elements 
of the 3d transition series, these states tend to be less important than higher 
states in the 4d and 5d transition elements. 

The oxides of the metals in their lower oxidation states are basie or ampho- 
terie in behavior and are adequately described as having ionic lattice structures. 
The oxides of metals in the higher oxidation states such as +4 and above are 
cither amphoteric or aeidic in nature and sometimes exist as covalent molecular 
eompounds rather than as infinite ionic lattices. The binary hydrides of the 
metals are with few exceptions nonvolatile compounds that are basic redueing 
agents. 

The semimetals he on a diagonal band that runs through the periodic table 
from boron to tellurium. The ionization energies of these elements are slightly 
higher than those of the metals. The crystal structures of the semimetals are in 
many eases complex and involve infinite ehains, layer struetures, and infinite 
three-dimensional networks of atoms. The coordination numbers of the atoms 
in these lattices are smaller than those displayed by metallie elements. Many of 
the semimetals display both positive and negative oxidation states, but the 
former are usually more important. The oxides of these elements are most 
often acidic and m some cases amphoteric. The hydrides of the semimetals are 
generally volatile compounds consisting of small covalently bonded molecules. 

The nonmetallie elements he in the upper right-hand area of the periodie 
table. The atoms of these elements have high ionization energies and large 
electron affinities. The elements exist most frequently as relatively small mole- 
cules 1n all phases. In their compounds, the nonmetals, exeept fluorine, display 
both positive and negative oxidation states, but the latter tend to be more 
stable in most circumstances. The oxides of the nonmetals are frequently 
volatile compounds that consist of small diserete molecules. Almost without 
exeeption, these oxides display acidic properties. Because the nonmetals have 
electronegativities comparable to that of oxygen, the nonmetallic oxides are 
best thought of as covalently bonded molecules. The hydrides of the nonmetals 
also are volatile compounds that consist of small covalently bonded molecules. 
Some of these have amphoteric properties and are able to accept as well as 
donate protons. The aeidity of the hydrides does tend to increase, howcver, as 
one passes from left to right in any row of the periodic table and from top to 
bottom in any column of the nonmetallic elements. 

While the generalizations we have mentioned are useful, they must be ac- 
eepted and used cautiously. It is possible to find exceptions to, or perhaps 
subtle deviations from, almost every one of these general prineiples. Con- 
sequently they cannot be taken to be a completely reliable basis for abolute 
predictions of chemical behavior. However, they do form a general reference 
to which the detailed properties of the individual elements can be comparcd, 
and the exceptions that are noted in this process can easily be remembered. 
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13.1 Without eonsulting a periodie table, deduee the atomie number and electronic 
structure for the following atoms: (a) the third alkali metal, (b) the second transition 
metal, (e) the third halogen, (d) the third noble gas. 


13.2 What trend in atomic size is to be expected in a given family like the alkali 
metals? Support your answer by using the principles governing the eleetronic struc- 
tures of atoms. 


13.3. Explain why the eleetron affinities of the atoms increase from left to right along 
a row in the periodic table. Why is the eleetron affinity of the nitrogen atom equal 
to zero, while earbon and oxygen have substantial electron affinities? 


13.4 Zireonium and hafnium have virtually the same atomie and ionic radii. Why 
isn’t hafnium a larger atom than zireonium? 


13.5 In each of the following pairs, whieh would be the larger ion? Tit+, Fett; 
hie) Om B+ 5 Sem. Tt 7143. 

13.6 In eaeh of the following pairs of hydrides, decide which is the more stable 
thermodynamically with respect to its elements: HCl, HI; PH3, SbH3; NH3, H20. 


13.7 In virtually all transition-metal families, and in many of the groups of repre- 
sentative clements, the elements display two or more positive oxidation states. How 
does the relative stability of the higher and lower oxidation states vary with increasing 
atomie number in 


a) the transition-mctal families? b) a family of representative elements? 


13.8 In the following, choose one of each pair of alternatives. The oxides of the 
nonmetallic elements are typically: (a) acidic or basic, eomposed of (b) small molecules 
or infinite network solids, bonded (c) covalently or ionically. 
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13.9 The formation of a typical metal oxide MO from its elements is exothermic: 
M(s) + 302(g) = MO(s), AH} <0. 

Show that this reaction can be analyzed in terms of a series of steps in which the 

metal is vaporized, the oxygen dissociated, the gaseous atoms converted to ions, and 

the ions converted to a solid. Discuss how the A//? of the oxide is affected by (a) the 

strength of the bonding in the metallic crystal, (b) the ionization energy of the metal 

atom, and (c) the size of the metallic ion. 





CHAPTER 14 


THE REPRESENTATIVE 
ELEMENTS: GROUPS [-1V 


Having discussed many of the principles of chemistry, we are in a position to 
examine the detailed chemistry of the elements. Our treatment cannot be 
encyclopedic, yet we shall present enough information to make clear the relation- 
ship between the properties of the elements and their position in the periodic 
table. To this end, we shall emphasize the presence or absence of resemblances 
between members of a given periodic group and the existence of trends in prop- 
erties that occur among elements of neighboring groups. In this chapter we 
shall find that there are very marked vertical resemblances among the metallic 
elements of groups IA and IIA; as we proceed across the periodic table from 
left to right the metallic properties are modified and then disappear, and the 
resemblance between elements of the same group becomes less obvious in groups 
IIIA and IVA. 
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These metals (Li, Na, K, Rb, Cs, Fr) are never found in the elemental state in 
nature, for they react rapidly and completely with virtually all nonmetals. 
While sodium and potassium are rather abundant in nature, the others are 
much less common. In particular, francium occurs naturally in only trace 
amounts, and all its isotopes are radioactive. 





Because the alkali metals are strong reducing agents, clectrolysis is the only 
convenient way of recovering them in quantity from their compounds. On a 
smaller scale, laboratory preparation of the mctals usually mvolves a reaction 
such as 


Ca(s) + 2CsCl(s) = CaClo(s) + 2Cs(z). 


The alkah metals are volatile, and can be distilled out of the reaction mixtures 
and obtained as pure products. 

The freshly prepared surfaces of the alkali clements show the bright silvery 
luster characteristic of metals, and the substances are good conductors of elec- 
tricity and heat. As a group they are the softest metals and posscss some of 
the lowest melting temperatures. Table 14.1 shows that the melting and boil- 
ing points of the metals decrease regularly as the atomic number increases. 
Parallel to this trend, there is a decrcase m hardness as atomic number inercascs; 
lithtum can be cut with a knife with difficulty, but the sueeceding metals can 
be cut with increasing case. Due to their softness and reactivity the mctals are 
never used m structural applications. Because of its high specific heat and 
thermal conductivity, sodium is used as a coolant in the valves of internal 
combustion engincs and in nuclear reactors. All the metals find some use as 
reductants mn laboratory and industrial processes. 

Comparison of the first and sccond ionization energies of the alkali-mctal 
atoms shows why the chemistry of all these elements involves the +1 oxidation 
state exclusively. The outermost s-clectron can be removed with an case that 
increases with atomic number, but the second tonization energy ts so large that 
the +2 oxidation state is unstable and is never observed. 

The small first 1onization energies of the alkali atoms are reflected in the 
bond dissociation cnergics of the gaseous alkali diatomic molecules, which, as 
Table 14.1 shows, range from 25 kcal for Lig to 10.4 keal for Cs. The energy 
lowering associated with covalent-bond formation comes from the extra attrac- 


Table 14.1 Properties of the group IA elements 


Li Na K Rb Cs 

Atomic number 3 ef 19 S/ 55 
Configuration 2s! 3s! 4s! 5s} 6s! 
lonization energy kcal} we ie ee ae 20 

lo 1744 1091 734 634 579 
Atomic radius, A ip3s ef 2-08 2.16 2.35 
Melting point, °K 454 371 336 oa2 302 
Boiling point, °K 1640 1163 1140 970 958 
AHsup, kcal 38.4 25.9 7a: 19.5 127 
lonic radius, Mt, A 0.68 0.98 1 es 1.48 167 
AMhya, kcal Aza 95 76 69 62 
§°(M+, M), volts 3.02 =+2.71 -—-2.92 —2.99 —2.99 
D(Mo), kcal 25 ys 12 11 10.4 
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tion an electron feels when it moves in the electric field of more than one nucleus. 
The first 1onization energies show that the alkah-metal atoms have httle attrac- 
tion for their own valence electrons and thus have even less attraction for extra 
electrons. Therefore, when two alkali atoms form a covalent bond there is only 
a small decrease in energy. This argument can also be used to rationalize the 
small sublimation energies and softness of the metals themselves. [Even when 
the valence electrons move in the fields of several nuclei, as they do in the 
metals, their energy lowering is relatively shght and the metallic bonding weak. 

The atomic radi in Table 14.1 are obtained by dividing the observed inter- 
nuclear separation in the metals by two, and thus the interpretation that these 
numbers represent the “sizes” of the alkali atoms must be used cautiously. We 
can see, however, that the radu of the alkah atoms vary as we might expect: 
The radii increase as the atomic numbers increase. <A parallel trend occurs 
among the 1onie crystal radii, and we shall see that the increase in ioni¢ size 
with atomic number among elements of a given group is a general occurrence 
that has important consequences. The first of these involves the hydration 
energies of the ions. Strictly, the hydration energy of an ion is the enthalpy 
change of the process 


M*"(aq) = M*"(g) + H20(). 


The enthalpy of hydration cannot be measured directly and thus is only an 
estimated quantity. In general, the smaller an ion is, and the larger its charge, 
the stronger 1s the electric field it exerts on its surrounding water molecules, 
and the larger 1s its hydration energy. The alkali-metal ions as a group are 
the largest positive ions and have the minimum ionic charge of +1. Thus the 
hydration energies of the alkali ions are usually smaller than those of other ions. 
Table 14.1 shows that as the atomic number of the alkah ions increases, their 
hydration energies decrease. This trend is consistent with the increase in size 
of the alkah ions which accompanies the increase in atomic number. 

The alkah metals are reducing agents, and one measure of their strength as 
reductants is their standard reduction potentials. Table 14.1 shows that these 
have relatively large negative values, as we might expect from the fact that all 
the alkali metals reduce water spontaneously to hydrogen by the reaction 


M + H20 = M*(aq) + OH~(aq) + 4He. 


It is informative to try to analyze the action of the alkah metals as reductants 
in some detail. To do this we shall examine the AH of the half-reaction 


M(s) = M*(aq) + e7 


by recognizing that there is another path from reactants to products, as shown 
in Tig. 14.1. We see that the AH® of the oxidation half-reaction in which the 
electron is left in the gaseous state is equal to the sum of the enthalpies of 
sublimation and ionization, and the negative of the enthalpy of hydration. If it 
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is the AH® of this half-reaction that does determine the performance of the 
metal as a reducing agent, then AH® should be smallest for the best reducing 
agent. There are two points, however, that should be noted carefully. The 
first is that it is the Gibbs free energy change AG®, not AH®, which is directly 
related to the performance of a metal as a reductant. Nevertheless, the value 
of AG® for the half-reaction is largely determined by the value of AH® in the 
cases with which we are dealing, and for the purposes of comparison of the 
metals it 1s legitimate to ascribe variations in reducing power to variations in 
AH®. The second point is that we are computing the AH°® of a hypothetical 
half-reaction, not of an overall reaction, and thus only the relative values of 
AH® for the different reactions, not the absolute values, have any significance. 


Vf 
M(g) ——_——>A +2) $e-(z) 


Alternative paths for the alkali-metal FIG. 14.1 


~ AM nya half-cell reaction. 


BH at; 


NS) ———— i Ng) fem 


With these pomts in mind, we can examine the data in Table 14.2. The 
enthalpy change for the lithium half-reaction is the smallest, and according to 
the half-reaction potentials, lithium is the best reductant. The values of AH® 
are also consistent with the fact that sodium is the poorest reductant of the 
alkali metals. Since we have ignored entropy effects, however, the significance 
of the small variations in AH® for the potassium, rubidium, and cesium half- 
reactions is limited. In order to understand the small differences in the electrode 
potentials of these metals, we would have to consider the entropy changes as 
well as the enthalpy changes associated with their electrode reactions. Never- 
theless, we can deduce from Table 14.2 that the reason that lithium is such a 
good reducing agent is that a relatively large amount of energy is evolved when 
the gaseous lithium ion is hydrated. 


Table 14.2 Enthalpy changes for electrode half-reactions (kcal) 


Li Na K Rb Cs 
AHeub 38.4 25.9 21.5 19.5 pa 
h 124 13 833 100 96 90 
—AHMhya = 191 —95 —76 —69 a oy. 
AH[M(s) = M*(aq) + e7] 41 49 46 46 47 
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There is an important general lesson to be learned from this analysis. Any 
property such as the standard reduction potential of an element may be dcter- 
mined by several more fundamental properties which, while fairly simple in 
themselves, work together in a complex way. Thus, while sublimation energy, 
lonization energy, and hydration energy may each vary in a simple manner in 
a given sequence of elements, their net effect can be an irregular set of standard 
reduction potentials. It is always tempting in studying descriptive chemistry 
to attribute an observed trend in chemical behavior to the smooth variation of 
a single fundamental property of atoms, but this should be done cautiously, for 
it is more than likely that any observed chemical property is related to several 
more fundamental factors. 


The Alkali-Meta!l Oxides 


Of the alkali metals, only lithium reacts directly with oxygen to give the simple 
monoxide Li,0. The direct reaction between sodium and oxygen gives NagQo, 
sodium peroxide. The other alkali metals react with oxygen to form superoxides 
of the general formula MOg, which contain the superoxide ion OF. The simple 
monoxides of all the alkali metals can be prepared, however, by reduction of 
their nitrates. As a typical reaction we have 


KNO3(s) + 5K(s) = 3K,O(s) + 4No(g). 


The alkali-metal oxides are ionic compounds which have the antifluorite lattice 
discussed in Section 3.4. All the oxides are strong bases and dissolve readily in 
water by reactions of the type 


K,O0(s) + H2O(1) = 2Kt(aq) + 20H~(aq). 


The crystalline alkali-metal hydroxides like NaOH also are ionic compounds 
which have the sodium-chloride crystal structure, are quite soluble in water, 
and of course are strong bases. 
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These compounds are extremely stable crystalline substances of high melting 
and boiling temperature. As an indication of how stable these substances are, 
we can cite the value of the Gibbs free energy of formation of sodium chloride, 
which is —91.8 kcal/mole. Accordingly, the equilibrium constant for the 
reaction 


Na(s) + 3Cle(g) = NaCl(s) 
at 25°C is given by 


1 —AG°/RT (91,800/1360) 
K = —————-_- = @ —- 10 
(Po) 1/2 
= 16x 10°’. 
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An equilibrium constant of this magnitude means that the pressure of chlorine 
in equilibrium with sodium and sodium chloride at 25°C is approximately 
10—'** atm. The other alkali halides are of comparable stability. 

As we discussed in Section 11.2, the alkali halides are the outstanding ex- 
amples of ionically bonded compounds, and it is interesting to examine their 
properties from this point of view. In Section 11.2 we noted that the ionic lat- 
tice energy, the energy required to separate a mole of solid ionic compound into 
its gaseous 10ns, is a quantitative measure of ionic bond strength. Figure 14.2 
summarizes the lattice-energy data previously presented in Table 11.11. For 
a given alkali ion, the lattice energies of the crystals decrease as the atomic 
numbers of the halides increase. Also, for a particular halogen, the lattice 
energies decrease as the atomic numbers of the alkali atoms increase. Both 
these trends are consequences of the increase in ionic radius that occurs as 
atomic number increases. 


240 
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Spectroscopic studies of the alkali halide vapors have provided information 
about the structures of the gaseous alkali halide molecules MX. Table 14.3 
gives the dipole moments and bond distances of some of the gaseous MX mole- 
cules. It is interesting to note that the MI—X bond distance in the gaseous 
alkali halides is less than the internuclear separation in the erystalline solids. 
This observation shows that the ionic erystal radii have limited significance— 
they can be used to predict the spacings in ionic crystals, but they do not truly 
represent the “sizes” of ions in other bonding situations. 

The second point of interest is the comparison between the observed dipole 
moments of the gaseous alkali halide molecules and the dipole moment cal- 
culated by assuming that there is a net charge of te (4.8 X 107!° esu) located 
at each nucleus. This assumption would be appropriate for a truly ionic bond 
between spherical ions. The dipole moment of such a molecule would be equal 
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Table 14.3 Dipole moments of some gaseous alkali halides 


Bond distance ro e X 10 LLobs 
(A) (debyes) (debyes) 

LiBr Pall 10.4 6.19 
Lil 2.39 Rs: 6:25 
NaCl Zi3sG i Re 8.5 
KF Cal 10.4 8.6 
KCl 267 1278 10.0 
KBr Pah Ge 13-5 10.6 
Kl 3,05 14.6 lif 


to e X ro X 1018, where e is the value of the fundamental charge in eleetro- 
static units, and rp is the experimental value of the internuelear separation in 
eentimeters. The data in Table 14.3 show that the observed dipole moments 
are all notieeably smaller than the values ealeulated assuming a net fundamental 
eharge loeated at each nucleus. Thus the gaseous alkali halides do not eonsist 
of perfectly spherieal ions. Instead, the negative ion tends to be distorted or 
polarized by the positive ion as is indieated in Fig. 14.3. Some of the negative 
charge is drawn from the halide ion toward the alkali ion, and this distortion 
results in a deerease of the dipole moment of the moleeule. This polarization is 
most extreme when a small positive ion acts on a large negative 1on, and we ean 
see from Table 14.3 that the discrepaney between the observed dipole moment 
and that calculated for spherieal ions is most serious in sueh eompounds as 
LiBr and Lil. The polarization effect represents the start of eonversion from 
ionie to eovalent bonding. The faet that it is present even in the alkali halides 
means that we should expect to find it important in other “ionie” eompounds. 


The distortion or polarization of the iodide ion by the 
lithium ion in the lithium-iodide diatomic molecule. 





With the exeeption of lithium fluoride, the alkali halides are all quite soluble 
in water. Table 14.4 lists the solubilities of some alkali halides, together with 
AH ,o\, the enthalpy change that aeeompanies the dissolution reaetion 


MX(s) + H.O = M*(aq) + X7(aq). 


Also listed are —AH?,., and —AH?,4, respeetively, the enthalpy ehanges that 
aeeompany the vaporization of the halide to gaseous ions, and the hydration of 
these ions. The sum of — AA vst and —AHP 4 must equal AH®). We see from 
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Table 14.4 Some enthalpies of hydration and crystallization (kcal) 


0 0 0 solubility 
—AFeryst poihyd AMsol — (moles/liter) 
LIF 240.7 —240.1 6.6 0.11 
NaCl 186.6 —185.3 0.9 6x 
Nal 165.7 —167.5 —1.8 Be 8) 
KCl 169.3 —165.2 4.1 4.6 
RbCl M6223 —159.3 3.0 735 


the data in the table that the enthalpy change that accompanies the solution 
process is really a small difference between two large quantities. This is true 
generally for other salts. Consequently, although the lattice enthalpies and 
hydration enthalpies may vary smoothly for a particular sequence of com- 
pounds, the enthalpy of solution may fluctuate m an unpredictable fashion. 
Since this quantity, along with the entropy change that accompanies dissolution, 
determines the salt solubility, we can expect that the relative solubilities of a 
series of salts might be difficult to predict without careful consideration of 
thermodynamic data. Since this is true, it is often most efficient just to re- 
member general trends in solubilities, rather than try to relate them to more 
fundamental quantities like lattice enthalpies and hydration enthalpies. 

The circulatory and intracellular fluids of living matter are aqueous solutions 
which contain, among many other things, significant amounts of Nat and K?. 
Living cells are separated from one another and from the circulatory system by 
their wall membranes. These membranes are combinations of protein and lipid 
macromolecules, neither of which is a good solvent for ionic substances. How- 
ever, Nat and KT, as well as other charged species, pass through cell walls 
quite rapidly. One of the most challenging problems in physiological chemistry 
is to determine how Na* and K™ are transported through the cell walls which, 
on the basis of their structure, would be expected to be rather impermeable to 
ions. 

Recently, it has been discovered that the salts of alkali metals can be made 
quite soluble in organic solvents if they are treated with organic chemicals called 
cyclic polyethers. An example of how cyclic polyethers can mteract with alkali 
metal salts is shown in Fig. 14.4. At each apex in the drawing there is a carbon 
atom to which is attached either one or two hydrogen atoms so that there is a 
total of four bonds to each carbon atom. The geometric structure of the organic 
molecule is such that the six oxygen atoms (the ether functional groups) form 
a cavity into which the potassium ion can fit. The result is a solvation or 
complexing of the cation by the polyether molecule. The negative ion remains 
in the vicinity of the complexed cation. The aggregate is soluble in organic 
solvents, since most of the polyether molecule is made up of its hydrocarbon 
skeleton, which is compatible with other organic molecules, and which shields 
the ion pair from interaction with the solvent. By varying the molecular 
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FIG. 14.4 


structure of the polyether, different sized oxygen cavities can be constructed. 
The most stable ion-ether complexes are formed when there is a match betwcen 
the size of the cavity and the cation. As a result, it is possible to use cyclic 
polyethers to dissolve certain alkali metal ions preferentially. Complexing of 
ions by cyclic polyethers may be responsible for the ease with which these 
species pass through cell wall membranes. 


oe 


KG 


O O 
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The interaction of a cyclic polyether with potassium permanganate. 


14.2 THE ALKALINE-EARTH METALS 


602 


These elements of group IIA (Be, Mg, Ca, Sr, Ba, Ra) are never found in 
the metallic form in nature, because, like the alkali metals, they are active 
reductants and react readily with a variety of nonmetals. Magnesium is the 
second most abundant metallic element in the sea and also occurs in a variety 
of silicate minerals. Calcium is found abundantly as CaCO3 in marble, lime- 
stone, and chalk. The most common source of beryllium is the mineral beryl, 
BezAls(Si03)5, while barium and strontium are found most frequently as the 
sulfates BaSO, and SrSO,. All isotopes of radium are radioactive; the clement 
itself is formed by a radioactive decay chain that starts with U?3>, and con- 
sequently all uranium minerals contain very small amounts of radium. 

All the alkaline-earth metals can be prepared by electrolysis of their fused 
halides. Most of the magnesium prepared commercially is obtained this way, 
although some use is made of the direct reduction of magnesium oxide by carbon: 


Mg0+ C = Mg+ Co. 


In general, the most convenicnt way to prepare small amounts of the other 
alkaline-earth metals is reduction of their oxides by morc readily available 
reducing metals, as in the reaction 


3BaO + 2Al = 3Ba-+ Al.QOsz. 
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The group IJA metals are all eonsiderably harder than the alkali metals, but 
the trend of inereasing softness with mnereasing atomic number oecurs in group 
ITA as it did in group IA. Despite a tendency toward brittleness, the alkaline- 
earth metals ean be hammered and rolled without fracture. As a structural 
material, however, only magnesium has important applieations. Alloyed with 
aluminum, zine, and manganese, it forms lightweight and moderately strong 
materials that are used principally in aircraft eonstruetion. Calcium and barium 
reaet readily with oxygen and nitrogen at elevated temperatures, and con- 
sequently are used as “getters” to remove the last traees of air from vaeuum 
tubes. 


Table 14.5 Properties of the group IIA elements 
Be Mg Ca Sr Ba 


Atomic number 4 12 20 38 56 
Configuration 21 35° A 5s? 6s? 
lonization energy keal{/} ee we iy ie mee 

lo 429 345 274 Z53 230 


Atomic radius, A 0.89 1.36 1.74 1.91 1.98 
Melting point, °K 1556 929 1123 1043 983 
Boiling point, °K 2750 1400 1750 1640 1950 
AHsup, kcal 77.9 35.6 42.2 39.1 42.5 
lonic radius, MtT, A 0.30 0.65 0.94 LO 1.29 
AMhya, kcal 570 460 395 355 305 
§°(M++, M), volts —1.70 —2.34 —2.87 —2.89 —2.90 


The eomparative hardness of the alkaline-earth metals suggests that the 
metallie bonding in group IJA elements is stronger than in the group JA ele- 
ments; this ts eonfirmed by some of the data in Table 14.5. The melting and 
boiling temperatures and the enthalpies of vaporization of the group IIA metals 
are mueh higher than those of the alkali metals. Although the values of the 
enthalpies of vaporization fluetuate somewhat, the same gross trend is found 
in group IJA as in group JA: beryllium, the lightest member of the alkaline- 
earth family, has a larger enthalpy of vaporization than does barium. 

Table 14.5 also shows that both the atomie radii and the ionie radii of the 
group IJA elements inerease as atomie number inereases. The atomie radii 
and partieularly the ionie radi are smaller than the eorresponding quantities 
for the immediate neighbor elements in group IA. The eontraetion in ionie size 
in going from group JA to group JIA has an obvious explanation. The ions 
Lit and Bett, Nat and Mgtt, Kt and Ca*™, etc., are isoeleetronie; each 
pair has the electronie strueture of the preeeding mert gas. The alkaline-earth 
101, however, has a higher nuelear eharge than the eorresponding alkali-metal 
ion, and this factor causes the deereased size of the alkaline-earth ion. The 
nuelear-eharge effeet must also be responsible for the eomparative atomie sizes 
of the group IA and group IIA elements. 
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The enthalpies of hydration for the group IIA ions have two notable features. 
First, the hydration enthalpy becomes smaller as the size of the ton increases. 
More striking, however, are the magnitudes of the hydration enthalpies, Far 
more heat is evolved upon hydration of the ions of group ITA than with the 
corresponding alkali-metal ions. This difference can be attributed to the in- 
creased charge on the alkaline-earth ions: Tven though Nat and Catt have 
nearly the same radii, the enthalpy of hydration of Catt is nearly four times 
that of Nat. This suggests that in general the hydration enthalpy 1s propor- 
tional to the square of the charge on the ion, and this relation is obeyed in faet 
to a fair approximation, 

It is the inerease in hydration enthalpy with ionic charge that 1s responsible 
for the existenee of the group ITA ions exclusively in the +2 oxidation state in 
aqueous solutions. The first ionization energies of these elements are not 
particularly large, but the second ionization energies are substantial. This 
observation alone might lead us to expect the +-1 oxidation state to be impor- 
tant in the chemistry of group ITA. The following energetic relationships show 
that yaseous Ca* is surcly stable with respeet to gascous Ca and Cie 








Ca(g) = Cat(g) + e7 AH = 140 keal 
~ 4+ Catt(g) = -Cat(g) AH = —274 keal 
CG, 7 ) + Catt(p) = 2Ca at(g) AH = —134 34 keal 


The situation is quite different, however, when we consider the energetic rela- 
tions between the aqueous ions and the solid metal. If we estimate the enthalg 
of hydration of the hypothetical aqueous Cat to be equal to that of IK*, we 
can write 

2Cu*(g) = 2CaT (aq) AH = —152 kcal 


Ca(s) = Ca(g) eh — 42 keal 
Catt(aqg) = Catt(g) AH = 30h kcal 
Gaz) + Cat *@) = 2CaT® AH = —134 keal 


Ca(s) + Catt(uq) = 2Cat(ay) AH = +151 keal 


Now it is clear that aqueous Ca? is energetically unstable with respect to 
Cat+(aq) and calcium metal, and the analogous conclusion can be reached for 
any of the other alkaline-earth systems. [examination of the enthalpy changes 
involved shows clearly that it is the enthalpy of hydration of the dipositive ion 
that is responsible for its stability in aqueous solution. The rationalization of 
the occurrence of the -+2 state in the jonie erystals of the alkalmne-earth com- 
pounds is similar to the above argument, and has been given in Seetion 11.2. 
In effect, the gain in the erystal-lattice energy obtained by forming a dipositive 
ion more than compensates for the extra energy required to remove the second 
electron from an alkaline-earth atom. 

The standard reduction potentials of the alkaline-earth elements given in 
Table 14.5 show that beryllium and magnesium are poorer reductants than the 
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Table 14.6 Enthalpy changes for electrode half-reactions 


Be Meg Ca of Ba 
AHsub 77.9 356 42.2 39.1 42.5 
I+ fo 643 520 414 385 350 
—AHnya —570 —460 —395 —355 —305 
AH(M(s) = M*+(aq) + e7] 151 96 61 69 87 


heavier clements. The data which in part explain these differenees are given in 
Table 14.6, where the enthalpies associated with the reaction sequence 


Mis) = Mig) = MtT(g) + 2e7 = MTT (aq) + 2c 


are given for all the alkaline-carth elements. [I*or the electrode reaction written 
as an oxidation, the enthalpy change is most positive for beryllium and mag- 
nesium. This is consistent with the observation that these metals are the poorest 
reducing agents in group ITA. The enthalpy data show that the principal reason 
for the inferiority of beryllium and magnesium as reductants is their relatively 
Jarge ionization energies, although the large sublimation energy of beryllium 
also makes an important contribution to this poor performance as a reductant. 
The observation that the electrode potentials of calcium, strontium, and barium 
are nearly the same, but the enthalpy changes associated with the reactions 
fluctuate, shows that the analysis of electrode potentials on the basis of enthalpy 
changes alone has limitations Imposed by neglect of entropy changes and pos- 
sible inaccuracies in the values of enthalpies of hydration. 


The Oxides and Hydroxides 


The oxides of magnesium and the heavier group IJA elements can be prepared 
by direct combination of the clements, or by thermal decomposition of the 
carbonates: 

M ae 402 — MO, 


NCO; og MO + COs, 
where \J = Meg, Ca, Sr, Ba. As can be seen from Table 14.7, the oxides are 
extremely stable; their negative enthalpies and free energies of formation are 
consequences of the very large ionic crystal-lattice energy obtained by packing 
doubly charged tons mn a rock-salt or sodium-chloride type of lattice. 


Table 14.7 Thermodynamic properties of alkaline-earth oxides (298°K) 
BeO MgO CaO $SrO BaO 


AH?, kcal/mole —143.1 —143.8 —151.9 —141.1 —133.4 
Re? kcal/mole —136.1 —136.1 —144.4 -—133.8 —126.3 
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Table 14.8 Solubility products 
of the group IIA hydroxides 


Ka 
Be(OH)e 1.6 x 10725 
Mg(OH)e2 8.9 x 107!2 
Ca(OH)2 1.3 << 1658 
Sr(OH)2 a2 <x 10m 
Ba(OH)e2 5 x 107? 


The heavier oxides react with water to form hydroxides of the general formula 
M(OH)»>. These hydroxides are strong bases, for they react with acids and also 
dissolve in water as MNI** and OH7 ions. Their solubility in water 1s somewhat 
limited, but inereases with the inereasing atomic number of the cation, as is 
shown by the solubility products in Table 14.8. 





i 
}H 
Bet + (9 
FIG. 14.5 The polarization of water molecules by a beryllium ion. 


The properties of beryllium oxide distinguish it from the other allaline-earth 
oxides. Berylltum oxide is harder and higher melting than the oxides of the 
heavier metals. More distinctive, however, is its acid-base behavior. Berytlhum 
oxide is amphoteric; it reacts slowly with only very concentrated strong acids 
to give solutions of hydrated ions [Be(H20),4]*~, and it also reaets with strong 
bases and enters solution as an anion whose formula is probably Be(OH);. 

The amphoteric behavior of beryllium oxide can be thought of as a conse- 
quence of the small size and relatively large charge of the beryllium ion. The 
electric field around such a small ion 1s particularly intense, and consequently 
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Table 14.9 Properties of some group IIA chlorides 


PO al fete Equivalent 
conductivity* (ohm!) 
BeClo 405 490 0.086 
MeClo 7S 1400 29 
CaClo 780 1609 eyed 


*At the melting point. 


the beryllium ion polarizes surrounding molecules by drawing clectrons from 
them. Thus the situation in [Be(H20),4]** might be as represented in Fig. 14.5. 
The effect of the beryllium ion is to withdraw electronic charge from the sur- 
rounding water molecules and thereby facilitate removal of their protons and 
the formation of Be(OH);. Thus [Be(H20),4]t* is an acid while Be(OH)7 is 
a base. We shall find other instances in which a small, highly charged ion exists 
as a hydrated positive ion in acidic solutions, and as a hydroxy-anion in basic 
solutions. 


All the group IIA metals combine directly with the halogens to form the metal 
halides of the general formula MIX». The chlorides in particular are interesting, 
for their properties display trends which can be interpreted as indicating a 
change from covalent to louie bonding as the atomic number of the metal 
increases. Table 14.9 shows that beryllium chloride has lower melting and boiling 
points, and much lower clectrical conductivity in the fused state than do the 
other alkaline-earth chlorides. AMloreover, beryllium chloride is soluble in some 
organic solvents, which suggests that the charge distribution in BeCle tends to 
be rather uniform, like the distribution in the covalently bonded organic mole- 
cules. The appearance of covalent character in the beryllium halides should not 
be too surprising in view of our earlier remarks about how a small, highly 
charged ion polarizes neighboring negative ions. The properties of berylhum 
chloride indicate qualitatively that this polarization effect is so extreme that it is 
more accurate to think of the berylhtum halides as covalently bonded molecules. 

In the gas phase, BcCle is a linear symmetric molecule, which is consistent 
with a description of the bonding in terms of sp-hybrid orbitals around the 
beryllium atom. In the solid phase, beryllium chloride displays the bridged 
structure shown in Fig. 14.6. Each beryllium atom is surrounded by four 
chlorine atoms, with a Cl-Be-Cl angle of 98°. This type of bridge structure, 
where « halogen atom is associated with two mctal atoms, also occurs in the 
aluminum and gallium halides, and in other systems where a small, highly 
charged cation of low coordination number can associate with ligands which 
have an unshared pair of electrons. 
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FIG. 14.6 
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The structure of BeCl, in the crystal. 


The chlorides, bromides, and iodides of the heavier alkaline-earth metals are 
ionic solids which have appreciable solubility in water. The fluorides, however, 
are relatively insoluble, and as Table 14.10 shows, the trends in the solubilities 
of the fluorides are similar to the trends in solubilities of the hydroxides. 


Table 14.10 Solubility products of some alkaline-earth salts 





F- SOT eon COs 
Mgtt 8 x 1078 = 10-5 ae 
Casey 7 XC 105! eee 10eo role 7 ase @ me 7.1 5< VOme 
Srtt 8 x 190710 Bc Ome 7x10719 3.6x 107° 
Batt 2a 107° 1x107!9 16x 1079 8.5 x 10711 





The carbonates, sulfates, and chromates of the alkaline-earth metals show 
similar solubility trends, as the data in Table 14.10 demonstrate. The solu- 
bilities of all these salts decrease as the atomic number of the metal ion increases, 
and this behavior is opposite to that observed for the fluorides and hydroxides. 
Although we have remarked about the uncertainty of relating solubility trends 
to fundamental properties such as lattice and hydration enthalpies, we can 
make a meaningful analysis of the solubilities of the alkalme-earth carbonates, 
sulfates, and chromates in these terms. As we proceed in sequence from BeSO4 
to BaSO,, the enthalpy of hydration of the positive ion becomes smaller because 
of the increase in ionic size. This tends to make the salts of the heavier metal 
ions less soluble than those of the lighter ions. The lattice energies of the sul- 
fates, and of the carbonates and chromates as well, do not change greatly in 
sequence from beryllium to barium, for the lattice energies are determined 
principally by the reciprocal of the sum of the ionice radii, 1/(r4 + r_). This 
quantity changes rather slowly in the sequence from berylhum to barium, 
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Table 14.11 Thermodynamic data for MCO3(s) = MO(s) + COo2(g) 


AH® Eco lee 

(kcal) (kcal) 1 atm) 
MgCO3 = MgO + COo9 28 iG 540°C 
CaCOz3 = CaO + COo2 42 Sul 900°C 
srcO3 =Sr0+ COs 57 45 1290°C 
BaCO3 = Ba0+ COo 64 52 1360°C 





because r_, the radius of the negative ion, is much greater than that of any of 
the positive ions, and thus r; + r_ is insensitive to variations in r4. There- 
fore the trend in the solubilities of the group ITA metal salts of large anions like 
80, , CO3, and CrO is dictated predominantly by the trend in the enthalpies 
of hydration. 

The thermal stabilities of the group IIA metal carbonates provide another 
demonstration of how ionic size and lattice energies influence chemical behavior. 
At clevated temperatures all the carbonates decompose to the oxides according 
to the reaction 


MCO3(s) = MO(s) + CO.(g). 


The temperature at which the equilibrium pressure of CO» is equal to 1 atm 
increases as the atomic number of the metal ion increases, as the data in Table 
14.11 show. Thus there is a rather smooth increase in the stabilities of the 
carbonates as the atomic number of the metal ion increases. The values of 
AG® and AH° for the decomposition reactions, also given in Table 14.11, are 
all positive, but tend to become larger as one proceeds toward the heavier 
metals. The trend in AG® is due virtually entirely to the fact that the values 
of AH” become larger as atomic number increases. Thus, in attempting to 
explain the trend in carbonate stabilities we can ignore entropy effects and 
concentrate on enthalpies. 

The trend of increasing AH® with increasing atomic number of the cation 
must be a result of the variation in the lattice energies of MICO3 and MO as 
the cation size increases. We have remarked that the lattice energy of a salt of 
a large anion 1s not particularly sensitive to the size of the cation, for the ronie 
separation r+ r_ is determined principally by r_, the radius of the negative 
ion. Therefore the carbonate lattice becomes only slightly less stable as the 
atomic number and size of the cation increase. On the other hand, the lattice 
energy of an oxide 7s sensitive to the size of the cation, because the radii of the 
oxide ion and the cations are quite comparable. Thus the oxides of the smaller 
cations should be much more stable than those of the larger cations, and there- 
fore the decompositions of the carbonates of the smaller cations should be less 
endothermic than those of the larger cation, as is observed. It is the decreasing 
size of the cation that stabilizes the lighter alkaline-earth oxides and favors the 
decomposition of their carbonates. 
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There is an important industrial process which involves the thermal de- 
composition of calcium carbonate. The carbonates and bicarbonates of the 
alkali metals, especially NazgCO3 and NaHCQOs, are important industrial 
chemicals which are used in the manufacture of glass, paper, water softeners, 
detergents, and soap. While there is an ample supply of sodium chloride deposited 
in readily available marine evaporites, there are no large deposits of Na,COs3. 
Most of the NaoCO3 and NaHCO3 used by the chemical industry 1s manufac- 
tured from NaCl and CaCQ3 by the Solvay process. 

In the Solvay process, a concentrated aqueous solution of sodium chloride 
is first saturated with ammonia, and then carbon dioxide is bubbled through it. 
The results can be represented by the reactions 


NH3(aq) + COo(aq) + H2O = NH] (aq) + HCO3 (aq), 


NH (aq) + HCO; (aq) + NaT(aq) + Cl (aq) 
— NaHCO;(s) + NH? (aq) + Cl7(aq). 


The solution is chilled to about 15°C in order to decrease the solubility of sodium 
bicarbonate, which separates as a fairly pure solid. If sodium carbonate 1s 
desired, it can be obtained by heating the bicarbonate salt. 

The raw materials used in these reactions are sodium chloride, ammonia, 
and carbon dioxide. A convenient source of COz is the pyrolysis of limestone, 
CaCOs, of which ample supplies are available: 


CaCO3(s) = CaO(s) + COoe(g). 


The lime (CaO) which is obtained from this reaction can be “slaked” to give 
calcium hydroxide: 


In turn, this calcium hydroxide is used to recover gaseous ammonia from the 
ammonium chloride solution produced in the first steps of the process: 


2NH7 (aq) + 2Cl (aq) + Ca(OH) (s) 
= 2NH3(g) + Cat*(aq) + 2Cl~(aq) + 2H20. 


Thus the overall result of the Solvay process is the conversion of NaCl and 
CaCO; to NaHCO; and CaClg. Calcium chloride is used as a drying agent, 
a de-icing agent, and a soil conditioner. The Solvay process illustrates a number 
of desirable features of an industrial chemical conversion: readily available 
raw materials (NaCl and CaCOs3) are used, the reactions are rapid, the more 
expensive intermediate material (NH3) is recycled, and uses for the by-product 
(CaClg) exist. 
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14.3 THE ELEMENTS OF GROUP IIIA 


The striking feature of the ehemistry of the alkali and alkaline-earth metals 
is the close resemblanee among members of the same family. There are some 
similar points of resemblanee among the elements of group IIIA (B, Al, Ga, In, 
Tl), but in addition, these elements display a range of properties and some 
notable eontrasts. In passing from boron to thallium we eneounter a change 
from semimetallie to metallie properties, from aeidie to amphoterie to basie 
oxides, and from halides in which the bonding is distinctly eovalent to those in 
whieh it is more nearly tonite. Such eontrasts in the ehemieal properties of the 
elements of a single family oeeur again particularly in groups IV and V, and to 
some degree in group VI, as we shall see. 

The prineipal natural source of boron is the deposits of borax, Na gB40O7 - 
10H20, and recovery of the pure element from this eompound is difficult. One 
method that is used is the conversion of borax to the oxide B.O3, whieh is then 
redueed with magnesium. This proeess does not give a partieularly pure product, 
since the reduetion of the oxide is never quite eomplete. The reduetion of boron 
triehloride with hydrogen gives a produet of better quality, but this proeess is 
less well suited for produetion of the element in quantity. 

Aluminum is the most abundant metal in the earth’s erust, and is reeovered 
pure and in quantity from its oxide by eleetrolytie reduetion. In eontrast, 
gallium, indium, and thallitum are quite rare, and are obtained only as by- 
produets in the reeovery of other more important metals like aluminum, zinc, 
cadmium, and lead. 

Table 14.12 gives some of the physical properties of the group III elements. 
The trends in hardness, boiling temperature, and AH, parallel those found in 
groups I and IJ. It is elear from the boiling points and the values of AH yy that 
all the group III elements are bound more strongly in the eondensed state than 


Table 14.12 Properties of the group IIIA elements 


14.3 


THE ELEMENTS OF GROUP IIIA 


B Al Ga In TI 

Atomic number 5 iPS 31 49 81 
Configuration 2s*2p! 3s*%3p! 4524p! 5s"5p! 6s*6p! 

fy 191 138 138 133 141 
lonization energy, kcal, 4 /e 580 434 473 435 471 

I3 874 656 708 646 687 
Atomic radius, A 0.80 125 1.24 1.50 1:55 
Melting point, °K 2300 932 S12 429 57. 
Boiling point, °K 4000 2700 2500 2300 1740 
AHgub, kcal 135 7723 65.3 58 43 
lonic radius, M+, A — 0.45 0.60 0.81 0.95 
AMhya, kcal a Lit 1124 994 984 
§°(Mt+3, M), volts = —1.67 —0.52 —0.34 72 


Boron 
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the metals of groups I and IJ. With the exception of boron, the group III ele- 
ments do not have exceptionally high melting points; on the contrary, galltum 
melts at 29°C. Because of the enormous temperature interval between the 
melting and boiling points of gallrum, it is sometimes used as a thermometer 
hquid. 


Boron is the first of the elements we have encountered that 1s not a metal.- Its 
electrical conductivity is small and increases as temperature rises, which 1s 
opposite to the behavior observed for metals. Although boron ts formally m the 
+3 oxidation state in its oxide and halides, there 1s no chemistry associated with 
a free B™? species. On the contrary, boron is bonded covalently to nonmetals 
and is an electron acceptor in borides like M[gBy and AlBg. Inspection of the 
ionization energies in Table 14.12 shows why the free B*? species is not chem- 
ically important. The energy required to remove three electrons from the boron 
atom is very large, and the ion so formed would be extremely small and would 
exert large polarizing forces on neighboring atoms. This would result in transfer 
of electron density to the boron from its neighbors, and thus the energetically 
favored situation would be electron sharing, or covalent bonding to boron. 

Table 14.13 gives some of the properties of the boron halides. As liquids 
they do not conduct electricity, and their boiling points are all very low com- 
pared with those of the halides of the group I and II elements. In the gas, 
liquid, and solid phases all the boron hahdes exist as discrete molecular species 
BX3. All these facts are in contrast with the behavior expected from tonically 
bonded substances and constitute the principal Justification for picturing the 
boron-halogen bond as covalent. Turther confirmation of this picture les mn 
the observation that the boiling poimts of the boron halides increase as the 
atomic number of the halogen increases. This is the behavior expected of a 
series of compounds in which the forces of attraction between molecules are of 
the van der Waals type, for these forces increase as the number of electrons in 
a molecule increases. In contrast, the strength of ionic attractions decreases as 
the ions become larger. 

All the boron halides act as electron acceptors, as for example, 1n the reactions 


BF, + NH; = F3BNHs, 
Bie aia wei, 


Table 14.13 Properties of the boron trihalides 
Melting point Boiling point 


: i AH°(kcal 
(°C) (°C) pica”) 
BF3 —127 —101 —2/0 
BCl3 —107 12 — 95,7 
BBrs — 46 91 — 44.6 
Bl3 a3 210 — 
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In these reactions, BI*3 accepts a pair of electrons donated by NH3 or F7. 
Thus BIF’3 and the other boron halides are Lewis acids, and BI'3 in particular 
is often used as an acid catalyst in the reactions of organic compounds. 

The oxides of semimetals are, in general, acidic, and the oxide of boron is no 
exception. Boron trioxide, B2O3, when hydrated, forms boric acid, B(OH)s. 
Despite its formula, boric acid is a monobasic acid and is quite weak. The acid 
reaction of B(OH)s is not simply a loss of a proton, but rather 


B(OH); + H.O = B(OH), + H°. 


In this reaction boron again displays its tendency to accept electrons, for boric 
acid is evidently a Lewis acid and accepts electrons from OH. 
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The structure of the B;0,(OH)7z anion. 


The salts of borie acid have complex structures and, at least in aqueous 
solution, never contain the simple anion BO3°. When a solution of boric acid 
which is more concentrated than approximately 0.02 M is made basic, the 
reaction 


occurs to form the triborate ion, B303(OH)4. This ion, as well as the tetraborate 
ion BsO5(OH)4, which occurs in borax, have structures which involve boron- 
oxygen rings, as Fig. 14.7 shows. In both these anions there are boron atoms 
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FIG. 14.7 
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FIG. 14.9 
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which display trigonal coordination, and in B4O;(OH)4, two of the boron 
atoms are tetrahedrally coordinated by oxygen. Even more complicated 
structures occur. In the salt KB;0s -4H.O, the anion has the double-ring 
structure shown in Tig. 14.8, while in CaB,O,4, the anion is an infinite chain 
of BO g units which is pictured in Fig. 14.9. This great variety of stable boron 
anion structures makes it possible for boric oxide B,O3 to incorporate other 
metal oxides with consequent formation of boric oxide-metal borate glasses. 
This is the basis for the action of B2O3 and the use of borates as cleansing fluxes 
in soldering and brazing. 

y 
O—=3 O==—E 


O 
/ 
= Os O-=5 
\ 
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The structure of the BOF chain anion. 0 0 


Boron forms a series of volatile compounds with hydrogen called the boranes. 
Diborane, B2Hg, is the simplest of these hydrides, and can be prepared by the 
reaction of lithium hydride with boron trifluoride, 


6LiH + 8BI’3 = GLIBF, + BoHg. 


When diborane is heated to temperatures between 100 and 250°C, it is con- 
verted to a number of other boranes: 


heat 


BoHe = os ByHjo, B5Ho, BsHi1, BeHio; Bois, BioH 14, Bio Hi6. 


The formulas of the boranes are of two types, B,Hn+s4 and BzHn+.5. Com- 
pounds of the first type seem to be the most stable. 

Most of the boranes are spontaneously inflammable in air and are rapidly 
hydrolyzed by water to borie acid. The exceptions to this rule are BgH,; and 
ByoHy4, which are stable in air and hydrolyze only very slowly. There has 
been some interest in the boranes as fuels, for the energy evolved by their 
reactions with oxygen is considerable: 


BoHe ++ 302 = B,O3 ++ 3H.,0, AH = —482 kcal. 


The molecular structure and bonding in the borane series is quite unique. 
Figure 14.10 shows the structure of diborane. The boron atoms and four of the 
six hydrogen atoms lie in the same plane with the remaining two hydrogens 
occupying “bridge” positions between the boron atoms. The B—H—B system 
is a three-center electron-pair bond. To see that two electrons do indeed bind 
three atoms together, we construct in Fig. 14.11 the electron-dot structure of 
diborane, starting with separated BH 2 fragments and the bridge hydrogen 
atoms. The two electrons in each bridge bond visit both boron atoms and the 
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Schematic construction of diborane from its fragments. FIG. 14.11 


: hydrogen nucleus. This can be seen more clearly in Fig. 14.12, where the molec- 
ular orbital which corresponds to the bridge bond, and its construction from the 
hydrid orbitals of boron and the Is-orbital of hydrogen are shown. The struc- 
tures of the other boranes also involve the hydrogen bridge bond. In addition, 
we shall find that there are compounds of other elements in which bridge bonds 
formed by halogen atoms are important. 





Formation of three-center bonds in diborane. FIG. 14.12 


Se ll OC w= 
> = 


. 14.3 THE ELEMENTS OF GROUP IIIA 615 


FIG. 14.13 


616 





The structure and line representation of the bonding in tetraborane, B,H,o. 


The structure of tetraborane, B4Hj9, can be understood in terms of con- 
ventional two-center electron pair bonds and the three-center, two-electron or 
B—H—B bridge bond. In Fig. 14.13 we show both the structure of B4Hjo 
and a line drawing representation of its bonding. We see that there are six 
conventional B—H electron pair bonds, and one B—B electron pair bond. In 
addition, there are four B—H—B bridge bonds, and together these account for 
the twenty-two valence electrons contributed by four boron and ten hydrogen 
atoms. 

In order to understand the bonding in B;Hg and other of the boron hydrides, 
we must consider another type of three-center bond. This involves two electrons 
bonding three boron atoms arranged in an equilateral triangle. Formation of 
this three-center, two-electron bond is represented in Fig. 14.14. Each boron 
atom contributed one hybrid orbital to form a molecular orbital which has no 
nodes between the boron nuclei. Thus this bonding orbital is very much like 
the lowest molecular orbital in H?. In line representations of the bonding in 
boron hydrides, this three-center, two-electron boron bond is indicated by the 
construction shown in Fig. 14.14. 

The structure of pentaborane-9, BsHg, is given in Fig. 14.15. The boron 
atoms form a square-based pyramid. There are five conventional two-electron 
B—H bonds, and four B—H—B bridge bonds which together account for 
eighteen of the twenty-four valence electrons in the molecule. The remaining 
six electrons bond the boron atom at the apex to the four boron atoms at the 
base of the pyramid. Since all four sides of the pyramid are equivalent, the 
molecule must be pictured as a resonance hybrid of bond structures of the type 
shown in Fig. 14.15. That is, the electronic distribution is a superposition of 
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The geometrical structure of B;Hy, and one of its four-bond resonance structures. 


four equivalent structures in which there are two conventional B—B electron 
pair bonds and one three-center bond between the apex and base boron atoms. 
Other species in which hydrogen and boron are bonded include the boro- 
hydride ion, BH;,, and more complicated ions such as B3Hg and BioHj3. 
Lithium borohydride can be made by the reaction of lithium hydride with 
diborane: 
2LiH + BoH, = 2LiBHag. 


In general, the alkali-metal borohydrides are ionic compounds consisting of 
M* and BH;. On the other hand, aluminum borohydride, Al(BH,4)3, is a 
rather volatile compound and is apparently best described as BHy2 units cova- 
lently bonded to aluminum by Al—H—B bridge bonds. 
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In contrast to boron, clemental aluminum is definitely metallic. Nevertheless, 
in some of its compounds aluminum, to a slight degrec, displays properties that 
are often associated with the semimetals: It forms a markedly amphoteric 
oxide, and halides that are rather volatile. 

In the recovery of aluminum from its ore bauxite, the amphoteric properties 
of Al,Oz are used to advantage. The ore must be freed of iron impurities before 
it is electrolytically reduced to aluminum. To do this, crude Al,O3 is treated 
with hot alkali solution, and the aluminum oxide dissolves as Al(OH),. Because 
Fe2O3 1s not amphoteric, the iron impurities remain undissolved and can be 
removed by filtration. The hot solution of Al(OH), is then cooled and agitated, 
and Al2sO3- 3H20O precipitates. The purified AlpO3 - 3H2O is heated to produce 
Al.03, which is then dissolved in a fused mixture of cryolite, Nag3All*s, Nal, 
and Cals and then electrolyzed to produce metallic aluminum. 

The electrode potential of aluminum, 


Alt?(aq) + 3e— = Al(s), 6° — —1.66, 


shows that the metal is a strong reducing agent. In ordinary circumstances, 
however, the surface of aluminum is covered with a dense, tough, transparent 
coating of oxide which protects the metal from further chemical attack. The 
oxide coating can be destroyed by amalgamation, and in this condition alumi- 
num displays its true reducing properties and dissolves readily in water with 
the evolution of hydrogen. 

The enthalpy of formation of AlgOg is negative, and its magnitude indicates 
the great stability of this compound: 


2A] + 80> = AleQs, AH = —399 keal. 


Aluminum oxide is so stable that metallic aluminum will reduce any metallic 
oxide to the metal in the thermite process: 


2Al + CreQO3 = Al2O3 4+ 2Cr, AH = —126 keal, 
2Al+ Fe,0O3 = Al2O3 4 2Fe, AH = —208 kcal. 
The most important form of anhydrous aluminum oxide, AlgO3, is a-alumina. 
In this solid, the oxide ions form a hexagonally close-packed array, and aluminum 
ions occupy two thirds of the octahedral interstitial sites, in such a way that each 
oxygen ion 1s surrounded by four aluminum ions. In its pure crystalline state, 
a-alumina (the mineral corundum) is highly transparent, mechanically strong, 
thermally stable, an excellent electrical insulator, and very resistant to attack 
by acids or bases. When crystalline alumina contains traces of certain transition 
metal ions, it can become very attractively colored. The gemstone ruby is 
a-alumina, which contains small amounts of Cr*’, while blue sapphire is a- 
alumina contaminated by Fet*, Fet? and Tit®. 
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Table 14.14 Properties of the aluminum trihalides 


Melting point Boiling point 


, AH?(kcal 
(°C) (°C) pnee) 
AlF3 _— 1291 (sub) —311.0 
AICI3 192 180 (sub) —166.2 
AIBrs 97 255 —125.8 


Alls 180 381 = Le 


Aqueous solutions of aluminum salts are acidic because of the hydrolysis of 
Alt’. The intense electric field of the relatively small, highly charged ion 
apparently draws electrons away from the neighboring water molecules and 
enables them to become proton donors. The ionization constant for the reaction 


PilGds@),)°° = ([Al(H.0),OH]*? + H+, K—=1.1x 10-5, 


shows that aqueous Alt? is nearly as strong an acid as acetic acid. This pro- 
nounced hydrolysis is to be expected from any species that forms an amphoteric 
oxide. 

Aluminum fluoride is a high-melting compound of low volatility, but the 
other halides of aluminum melt at relatively low temperatures, as Table 14.14 
shows. In the vapor phase the chloride, bromide, and iodide of aluminum exist 
as AloX» molecules that have the halide bridge structure shown in Fig. 14.16. 
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The halide bridge structure of AleBrg. 


This bridge structure is apparently a fairly general characteristic of electron- 
deficient systems, where the formation of bonds by the usual electron-sharing 
process leads to a nearly completed valence-electron shell. 


FIG. 14.16 


Gallium, Indium, and Thallium 


The chemistry of gallium is very similar to that of aluminum. The electrode 
potential 
Gat3(aq) + 3e— = Ga(s), &° = —0.52 volts, 


14.3 THE ELEMENTS OF GROUP IIIA 


619 


indieates that gallium is a good reducing agent, but not as powerful as alumi- 
num. Like alummum, gallium metal is proteeted by an oxide eoating, but will 
dissolve slowly with evolution of hydrogen both in aeids and bases to give 
Gat? and Ga(OH)j, respectively. The Gat? ion is extensively hydrolyzed in 
aqueous solution, as shown by the equilibrium eonstant for the reaction 


[Ga(H,0),]*° = (Ga(H.0),OH)** -- He K— 25cm 


Indium is a rare metal which because of its softness and seareity has no 
important structural uses. The metal does take a high polish and is sometimes 
used in the eonstruetion of special mirrors. The eleetrode potential 


In*?(aq) + 3e7~ = In(s), 6° = —0.34 volts, 


indicates that indium is a poorer redueing agent than aluminum and gallium. 
Although solutions of In*t* are extensively hydrolyzed, the oxide In2Q3 is 
primarily basic and not amphoteric like Alo.O3 and GagQsz. 

Indium also differs from aluminum and gallium in that 1t forms compounds 
in the +1 oxidation state. The halides InCl, InBr, and InI are known, as is In,O. 

Thallium is also a rare metal and, like indium, is very soft. Unlike the other 
group III metals, thallium is not proteeted by an oxide eoating and conse- 
quently 1s oxidized readily by air. Another pomt of differenee 1s that the +3 
state of thallium has considerable oxidizing power, as is shown by the eleetrode 
potential 

T1* (aq) + 2e7— = TI*(aq), &° = 1.25 volts. 


While eompounds of thalhum in the +8 oxidation state sueh as Tl.O3, the 
trihalides except for the todide, and Tlo(SO4)3 are well known, mueh of the 
ehemistry of thallium involves the +1 oxidation state. Exeept that TICI is 
insoluble in water, the behavior of thallous salts is, m general, similar to that 
of the alkali-metal salts. 
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The elose resemblance between elements of the same family, so obvious in 
groups I and JI, and somewhat less evident in group III, is even less apparent 
in group IVA. Carbon is indisputably a nonmetal, and while the chemistry of 
silieon 1s in some respeets characteristie of a nonmetal, the electrieal and other 
physical properties of the element are those of a semimetal. Germanium is 
from all points of view a semimetal. Although one allotropic form of tin has 
the electrieal properties of a semimetal, tin and particularly lead display the 
ehemieal and physieal charaeteristies of metals. The data m Table 14.15 
illustrate the eonsiderable differenees in properties like atomie size and melting 
point that oeeur in group IV. 

The elements of group IV have in eommon the oxidation states of +2 and 
+4, but while the +4 state is of overwhelmmg importance for earbon and 
silicon, the +2 state beeomes increasingly important for germanium and tin 
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Table 14.15 Properties of the group IVA elements 


C Si Ge Sn Pb 
Atomic number 6 14 32 50 82 
Configuration 2s°2p- 3s°3p"s 4s"4p?—s-5s"5p" = 6 s? Ep” 
lonization energy, kcal 260 188 182 169 yar 
Atomic radius, A O77 ey 1 22 1.41 To4 
Melting point, °K > 4000 1685 1210 505 601 
Boiling point, °K 3900 3000 3100 2960 2024 
A raubs “cal 171 108 90 72 47 
lonic radius Mt*, A a — — 1.10 Ibs2 
§°(M++, M), volts = = = soglese Wolke 


and is the most important oxidation state of lead. Thus instead of a strong 


resemblance between clements, one finds in group IV fairly smooth trends from 
one type of behavior to another. 

Carbon occurs naturally in the allotropie forms diamoud and graphite and 
much more abundantly in contaminated forms like coal. Silicon is the second 
most abundant element after oxygen, and is found in an enormous variety of 
silicate minerals. In contrast to carbon and silicon, germanium, tin, and lead 
are rather rare elements. Tin and lead are familiar, however, because they are 
easily recovered from their ores and are technologically important as pure 
metals and in alloys. 

Ultrapure silicon and germanium are used in the cleetromies industry for the 
manufacture of transistors. The methods used to obtain each of these elements 
in the pure form are essentially the same. [Tor example, silicon 1s obtained as 
the dioxide, which is then reduced with earbon, 


S102 + 2C = 81 + 2CO. 


This rather erude silicon is converted to the tetrachloride by direct reaction 
with chlorine, 


Sis 2Clo.— SiCly 


Silicon tetrachloride is volatile and can easily be purified by distillation. Purified 
silicon is then recovered by reducing the chlorine with hydrogen, 


SiCl, + 2H». = 81+ 4HCl. 


The silicon is purified further by the zone melting process. In this operation 
a short length of a rod of silicon is melted, and this melted zone is moved slowly 
along the rod. Impurities tend to collect in the melted zone as the element 
recrystallizes, and are transported to the end of the rod as the melted zone 
moves. After repetition of this process the “impure” end of the rod is sawed off, 
and the remaining silicon (or germanium) may have an impurity level lower 
than 1071? mole fraction. 
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Carbon 


FIG. 14.17 
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The common ore of lead is galena, PbS. To recover the lead, the sulfide is 
roasted in alr and converted to PbO, which is then reduced with carbon. Tin 
occurs as the oxide SnO», which can be reduced directly with carbon. Any 
further purification of lead or tin 1s usually carried out by dissolving the metal 
and then depositing it electrolytically. 


Of the two allotropic forms of carbon, graphite is slightly more stable at 25°C 
and 1 atm. The enthalpy change for the reaction 


C(diamond) = C(graphite) 


is only —453.2 cal/mole. 

The structures of diamond and graphite are shown in Fig. 14.17. In diamond, 
each carbon atom is covalently bonded to four others which are located at the 
apices of a regular tetrahedron, and thus we can regard the carbon atom as 
displaying sp*-hybridization. The C—C bond length (1.54 A) and bond energy 
(85 keal) in diamond are virtually the same as they are in compounds like 
ethane, H3C—CH3. In graphite the atoms form planar layers within which 
they have a regular hexagonal arrangement. The distance between planes 1s 
3.40 A, which suggests that the planes are not covalently bonded to each other, 
but only held by forces of the van der Waals type. The separation of neighboring 
atoms in the planes is 1.415 A, which is small enough to suggest that the carbon 
atoms are bound to each other by multiple bonds. No single set of bond struc- 
tures can be drawn that satisfies the octet rule and also indicates that all bonds 
are equivalent. In Fig. 14.18 are three resonance structures which can be taken 
together to represent the bond structure in the planes of graphite. We might 
say that the bond in graphite is neither a single nor a double bond, but a 14 
bond. 





Arrangement of atoms in (a) diamond and (b) graphite. 
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While diamond is a transparent insulator, graphite is a dark opaque solid 
with a slight metallie luster and an eleetrical conductivity that is fairly large 
in the direetions parallel to the planes of atoms, but small in the direction 
perpendicular to the planes. Apparently the multicenter bonding within the 
planes is like the “free-eleetron sea” type of bonding found in metals, and this 
accounts for the luster and conduetivity of graphite. 


Three resonance structures for a graphite fragment. 


The outstanding ehemieal characteristic of earbon ts that it forms a virtually 
unlimited number of compounds in which earbon atoms are bonded to each 
other. These compounds, of which the hydrocarbons C,Hon+. are an example, 
apparently owe their stability to the uniquely strong bonds that earbon forms 
with itself. Consider the following bond energies. 


C—C_ 82. keal C—H 98 keal Si—-H 75 kcal 
sisi 53 keal C—I 110 keal Si—r’ 135 keal 
Ge—Ge 45 keal C—Cl 80 keal Ssi—Cl 91 keal 
Sn—sn_ 37 keal 


Thus the energy of the C—C bond is roughly of the same magnitude as the 
energies of the bonds that carbon forms to other elements. The reverse is more 
nearly true for silicon and particularly for germanium and tin, whose atoms 
form only very weak bonds to each other. The chemistry of earbon bonded to 
itself and to hydrogen, oxygen, nitrogen, and a few other elements 1s the subjeet 
of organie chemistry, which is treated in Chapter 17. In the present seetion 
we will deal only with those compounds of earbon that are usually considered 
to be “inorganie,” prineipally beeause they do not contain hydrogen. 

Carbon forms three oxides that are well characterized: carbon monoxide, 
earbon dioxide, and carbon suboxide, C302. Carbon monoxide has the largest 
bond energy of any diatomic molecule, 256 keal. It is isoeleetronie with nitrogen, 
and just as for nitrogen, the simple eleetron-dot structure that satisfies the 
octet rule also indicates that carbon monoxide is triply bonded. 


ulema () : 
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The triple bond can be pictured as two a-bonds formed by p,; and p, atomie 
orbitals and a g-bond formed from sp hybrid orbitals, as was disecnssed in 
Section 11.7. 

The nonbonded electrons on the carbon atom m carbon monoxide ean m 
certain circumstances be donated to electron acceptors. Thus carbon monoxide 
reacts with the electron-deficient molecule BzH, to form borine carbonyl, 
BH3CO, 

2CO + BoH, = 2BH3CO. 


We can regard borine carbonyl! as a molecule in which the electron deficiency of 
a BH3 fragment has been removed by the parr of electrons donated by carbon 
monoxide, as shown by the following structure. 


H 
H ? B30 
Bl 


Carbon monoxide also forms an important series of carbonyl compounds with 
the transition metals. The most common example of these is nickel carbony], 
Ni(CO)4, which can be formed by the direct reaction 


Ni+ 4CO = Ni(CO),. 


Other compounds of this type will be discussed in Chapter 16. 
Despite the stability of carbon monoxide, it reacts exothermically with 
oxygen to form carbon dioxide: 


CO + 502 = COs, AH = —67.6 keal. 


Carbon dioxide is unique among the dioxides of the group IVA elements: It is 
a volatile molecular compound, whereas SiO», GeO», SnOe, and PbO» are all 
nonvolatile sohds with relatively complicated crystal structures. 

Carbon dioxide is only moderately soluble in water, but is the anhydride of 
carbonic acid, 


CO. -+- H,O — H.CO3(aq). 


The total solubility of CO, in water is approximately 0.034 AZ, but of this 
amount, 99.63% is present in the form of CO» molecules, and only 0.37% is 
actually HeCO3. The first ionization constant of “carbonic acid” is usually 
written as 

[H*][HCO3] 


— 43x 107! 
[HsCOs] Sings 2 


where [H.COs3] stands for the total concentration of all neutral carbonic material, 
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H2CO3 and COs. Because most of this is COs, the equilibrium constant might 
better be written as 


(H*][HCO3] 


— 43x 107%. 
[COg] 





Carbon unites with a number of metals to form carbides, some of which have 
properties of practical value. The carbides can be classified as saltlike, inter- 
stitial, and covalent. Two examples of saltlike carbides are BeoC and Al,Cs. 
These compounds both yield methane when hydrolyzed. For example, 


The structure of BesC is the same antifluorite lattice found in Na,O, with 
the beryllium and carbon atoms replacing the sodium and oxygen atoms, 
respectively. 

The acetylides, which contain the Cs unit, constitute another class of salt- 
like carbides. Calcium carbide, CaCg, is of this type, and has a rock-salt crystal 
structure in which the Catt and CZ replace Nat and Cl~. Upon hydrolysis 
it yields acetylene, CoH»: 


GaC, + 2H.0 = Ca(OH). + CoHo. 


Direct combination of carbon with some of the transition metals like titanium 
and tungsten yields interstitial carbides. These compounds are electrical con- 
ductors and have a metallic luster, and it is for this reason that they are pictured 
as metallic lattices which contain carbon atoms in the interstitial sites. The 
interstitial carbides are, in general, extremely hard and high-melting substances. 
For example, both TiC and W2C are nearly as hard as diamond and melt at 
temperatures higher than 3000°Ix. 

The compounds of carbon with elements of similar eclectronegativity are 
called covalent carbides. The most important of these is silicon carbide or 
carborundum, SiC. This substance is nearly as hard as diamond and has the 
same infinite three-dimensional lattice structure. 


Elemental! silicon has a silvery metallic luster, but its electrical conductivity is 
substantially smaller than that of the metals. Its erystal lattice is the same as 
that of diamond. While silicon is rather inert at room temperature, it reacts at 
higher temperatures with all the halogens to form tetrahalides, with oxygen to 
form SiO, and with nitrogen to form SigN4. When treated with strong base, 
it dissolves with evolution of hydrogen, 
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Silieon dioxide or silica exists as a three-dimensional network solid of enor- 
mous stability. In one erystal form of SiQ9, the silicon atoms are arranged 
exactly as are the carbon atoms in diamond, except that oxygen atoms are 
midway between them. The crystal strueture of quartz, the most familiar form 
of SiQo, is a slight modification of this arrangement. 

Siliea melts at 1983°ls, and when molten siliea is cooled it most often sets to 
a glassy material, rather than to a crystalline solid. This fused quartz has a 
number of valuable properties. Because of the great strength of the silicon- 
oxygen bond (108 keal), it is thermally stable and ehemieally inert to all sub- 
stances except HI’, Io, and hot alkali. In addition it is an excellent electrical 
insulator even at high temperatures, has a very small ecoeffieient of thermal 
expansion, is highly transparent to ultraviolet light, and when drawn uito 
fibers, has excellent elastic properties. 


H al H 
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Structural similarities between hydrocarbons and silanes. 


Several silicon hydrides, or silanes, are known. All have the general formula 
Sin,Hen+2, and thus are analogous to the saturated hydrocarbons C,Hoen42. 
Figure 14.19 shows the structural similarities between the simplest silanes and 
hydrocarbons. 

In the hydrocarbon series, the number of carbon atoms in a chain can ap- 
parently have any value, but among the silanes, the most eomplicated known 
compound is SigH,4. Apparently the relatively weak Si—S1 bond makes mole- 
ecules with many silicon atoms linked together quite unstable. The silicon 
hydrides differ from the hydroearbons in another important respect. Two 
carbon atoms may be linked by a double bond, as they are im ethylene, H2C= 
CH». Thus there is a series of compounds with the general formula C,Hon. 
There are no analogous silicon hydrides, and apparently double and _ triple 
bonds between silicon atoms are so unstable that they are not known. 

The silanes are eolorless relatively volatile substances. ‘They are all very 
reactive; for example, they ignite spoutanecously m air, 


Silanes also react explosively with halogens, but m the presenee of AlgCl¢, they 


THE REPRESENTATIVE ELEMENTS: GROUPS I-IV 14.4 


react in a controlled manner with HCl to give chlorosilanes: 


AlsGla 





HCl(g) + SiH,4(g) SiH3Cl(g) + Ho(g). 


It is possible to synthesize such molecules as (CHg)3S1Cl, (CH3)2SiCle, and 
CH3SiCls. These and similar substituted chlorosilanes are technologically im- 
portant, for upon hydrolysis they yield polymeric molecules of high molecular 
weight called silicones. Hydrolysis of (CH3)oSiCle gives a chain of silicon and 
oxygen atoms. 


CH; CH, 
| 
<a 
| 
Cn ere 


Hydrolysis of CH3SiCl3 gives a cross-linked chain, or a two-dimensional net- 
work, as shown below. 


CH; CH: 

| | 
O—Si—O0—Si—O— 

| | 

O O 


| | 
O—Si—O—Si—O— 


| | 
CH; CH; 


The amount of cross linking and the identity of the hydrocarbon substituent 
control the properties of the polymer. All the silicones tend to be water repellent, 
heat resistant, electrically insulating, and chemically inert, and these properties 
make them uscful as lubricants, insulators, and protective coatings. 

When the oxides or carbonates of the alkali metals are fused with silica, 
S102, various alkali silicates are formed. The simplest silicate is Na4SiO4, in 
which the Si07* anion consists of a silicon atom surrounded by four oxygen 
atoms located at the corners of a regular tetrahedron. However, there are many 
other alkali silicates, such as NaeSisOs5, NagSiegQ7, and NaeSiO3. Despite 
the diverse empirical formulas of these compounds, we shall find that their 
structures can be understood in terms of a repetition of the fundamental S10, 
tetrahedral unit. 

Silicates occur widely in Nature. Together, silicon and oxygen make up 
74 percent of the mass of the Earth’s crust, and they occur mostly as the silicates 
of the abundant metals Al, Fe, Ca, Mg, Na, and K. It is the variety of molecular 
structures of the silicate anions which produces the enormous range of mechanical 
properties displayed by such minerals as asbestos, the micas, tale, kaolin, the 
feldspars, serpentine, the garnets, and the olivines. Consequently, silicate 
structures are of interest not only as cxamples of polymeric anions, but as the 
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FIG. 14.20 Structures of the silicate anions. Si,OF 


means by which the macroscopic properties of the ubiquitous Earth materials 
ean be understood. 

Figure 14.20 shows how the structures of the various silicate anions are built 
up from the fundamental SiO, tetrahedral unit. When two tetrahedra share 
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one oxygen atom, the ion Si,07° results. When two oxygen atoms in each 
tetrahedron are shared with neighbors, cither ring structures such as $1305", or 
infinite chains of tetrahedra with the empirical formula SiO3 * can be generated. 
A double-chain structure can be formed when alternate tetrahedra of two 
single chains share oxygen atoms, and an anion of the empirical formula Si,O 77 
results. This double chain can be extended in a similar manner to generate an 
infinite sheet of tetrahedra, each sharing three oxygen atoms with its neighbors. 
The empirical formula of this anion is Sig05*. As we shall see, three-dimensional 
network anions are possible if some of the silicon atoms are replaced by Al. 
In the silicate minerals, positive ions occupy positions in the anion structure 
in such a manner that charge balance is achieved, and the anions are held 
together by Coulomb attraction to the cations. 

In Nature, the class of minerals known as the olivines has diserete SiO; 4 
tetrahedral units, with no oxygen atoms shared. The chemical formula of the 
olivines can be written as [Mg, Fe]2SiO,. That is, Mg*? and Fe** occur in 
different relative amounts, but the total number of cations is sufficient to 
balance the charge on the anions. Another way of describing the olivines is to 
imagine a hexagonal close-packed array of oxygen ions, with silicon ions occupy- 
ing one-eighth of the tetrahedral interstitial sites, and Mg** and Fe** occupy- 
ing one-half of the octahedral interstitial sites. Because Mg** and Fett have 
similar ionic radii (0.66 A and 0.74 A, respectively), substitution of one ion by 
the other does not markedly change the structure or properties of the mineral. 

Other minerals which contain discrete SiO; * tetrahedra include willemite, 
Zn2SiO,, and zircon, ZrSiO4. Garnets also contain SiO7* tetrahedra, and have 
the general formula M3* M?3(SiO4)3, where M** can be Catt, Mgt*, or 
Fett, and Mt? is Al*$, Cr*, or Fe*®. Olivines and garnets are very hard and 
dense minerals of great thermal] stability: 

Cyclic silicate anions of the type SigO9° are found in the minerals wollas- 
tonite, Ca381309, and benitoite, BaTi§8iz09, among others. Even larger cyclic 
anions occur. For example, SigO7@”, a ring of six tetrahedra, is found in the 
mineral beryl, AlogBe38i1g0,s. When it is contaminated by small amounts of 
Cr*? or VT, beryl is the gemstone emerald. 

Minerals which are built around the infinite single-chain silicate anion are 
called pyroxenes. The best known examples are diopside, CaMg(Si03)2, and 
spodumene, LiAl(Si03)2, a major source of lithium. Double-chained silicate 
anions occur in the class of minerals called the amphiboles. The complete 
structures of these minerals can be quite complicated, since in addition to the 
double-chain anion, both metal and hydroxide ions are present, as in termolite, 
Cao g5(OH)2(S140;1)2. Some of the amphiboles display fibrous mechanical 
properties which result from the great strength of the double anion chains. 
Some of the mimerals commonly known as asbestos are amphiboles. 

Combination of the silicate sheet anion Sig05? with various cations and 
hydroxide ions produces an enormous number of important and abundant 
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minerals. Examples are talc, Mg3(OH).(Si205) 9, and the micas, such as biotite, 
K(Mg, Fe)3(OH)>.AIS8i30)9. The close correlation between anion structure and 
macroscopic mechanical properties is particularly evident in the micas, which 
cleave very easily in directions parallel to the anion sheets. 

If each SiO, tetrahedron shared all four oxygen atoms with its neighbors, 
we would have a substance with the empirical formula SiO, and the three- 
dimensional framework structure of quartz. To achieve a three-dimensional 
anion structure, some of the Si** ions in the tetrahedra must be replaced by 
Al*?, and in order to maintain overall charge balance in the crystal, other 
cations must enter the interstices in the oxide lattice. Thus there are minerals 
of the general formula M(AI, Si) 40g in which a certain fraction of the silicon 
atoms have been replaced by aluminum. When the ratio Si: Al is 3:1, M is an 
alkali metal ion, and when the ratio is 2:2, M is a doubly charged ton such as 
Catt or Batt. These three-dimensional alumino-silicate structures occur in 
the feldspars, which are the most common minerals of the Earth’s crust. As 
might be expected from the molecular structures, feldspars are very hard and 
thermally stable minerals. 


This element has chemical properties that are similar to those of silicon. Solid 
germanium has the diamond lattice structure and displays the electrical con- 
ductivity of a semimeta]. Like silicon, germanium reacts directly with halogens 
to form volatile tetrahalides, with oxygen to form GeQg, and with alkalies to 
form germanates, 


Ge + 20H” + H.2O = GeO3 + 2Ho. 


Like S109, GeOg is a weakly acidic oxide. 

Germanium, like silicon, forms a series of volatile hydrides which have the 
general formula Ge,Ho,42. Compounds in which n = 6, 7, and 8 have been 
identified but not fully characterized. The germanium hydrides or germanes are 
oxidized to GeO», and H2O by oxygen, but are not as flammable as the silancs. 

One difference between the chemistry of germanium and silicon is that 
germanium exists in the +2 oxidation state in several of its compounds. The 
halides GeCly, GeBreg, and Gel, and the sulfide GeS are known, but are rather 
unstable and are strong reducing agents. The synthesis of these compounds 
illustrates a general method often used to prepare rather unstable intermediate 
oxidation states. The tetrahalides or GeS, are first obtained by direct reaction 
of the elements and then treated with germanium: 


Ge + GeCl, = 2GeClao, Ge + GeSo = 2GeS. 
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These elements differ from the other members of group IV in a number of 
respects. In the first place, lead and tin are metals, and have important +2 
oxidation states. While the other group IV oxides are acidic, the monoxides 
SnO and PbO are amphoteric, as is SnO,g. Lead dioxide, PbOs, is a powerful 
oxidant, and its acid-base properties are not well characterized. In contrast to 
the extensive series of hydrides formed by carbon, silicon, and germanium, tin 
and lead form only SnH4 and PbHg,, respectively. While the tetrahalides of 
carbon, silicon, and germanium are stable, those of tin are less so, and PbI*, 
and PbCl, are quite unstable and dissociate upon warming, 


PbX, = PbX,-+ Xo. 


Aqueous solutions of tin in the +2 state are formed when the metal dissolves 
in acid. Corresponding to the fact that SnO is an amphoteric oxide, solutions 
of Sn** are extensively hydrolyzed: 


Sn** + H.O = SnOHt + Ht, K = 107°. 


Thus stannous 10n is a moderately strong acid—as strong as HSO;. Stannous 
ion also tends to form complexes with anions. For example, in the presence of 
chloride ion, SnClt, SnClz, SnClz, and SnCl7 can all be formed. 

The dioxide SnOz dissolves in base to form stannate ions, Sn(OH),, and in 
halogen acids to form complex ions such as SnClg. There is no evidence that 
Sn*4, or any other monatomic ion of +4 charge, ever exists uncomplexed in 
aqueous solution. 

The most common oxidation state of lead is +2. In aqucous solution, the 
plumbous ion, Pb**, is hydrolyzed, but not nearly so much as the stannous 
ion, as the equilibrium constant for the following reaction shows: 


Bie: HO. = RhOH hee ale. 


When alkali is added to solutions of Pbh*t, Pb(OH), first precipitates and then 
redissolves in excess base as Pb(OH)3. 

Like stannous ion, Pb**+ forms complexes with the halide ions. The equilib- 
rium constants for 


PbCl* = Pbtae Clee K = 0.077, 
PbBrt = Pbt+-+Br7, K = 0.07, 
PhI* = Ph**+1-, K = 0.03, 


show that these complexes are of only moderate stability. The lead halides 
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PbX» themselves are moderately insoluble, but dissolve in excess halide ions 
to form such complex ions as PbCl,z and PbI;. 
The sulfate, carbonate, chromate, and sulfide of lead are all quite insoluble 
in water, as the following equilibrium constants show: 
PbSO, = Pb** + SOZ, K = 1.3 x 10-8, 
Pb Onan ieee Ore k= 15 xX le 
PbCrO, = Pbtt + CrO5s, a=? xX 10-2 
PbS = PbtT -+- S=, K=7xX 107-2 


There is very little chemistry associated with the -+4 state of Iead. The 
potential for the reaction 


PhOs-p4 =) es — Pie eo: &° = 1.46 volts, 


shows that lead dioxide is a very powerful oxidizing agent. It can be produced 
electrolytically, as it is in the charging of a lead storage battery, or by reaction 
of lead (11) with hypochlorite ion in basic solution: 


Pb(OH)3; + ClO = Cl7 + PbO, + OH + H,0. 
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This discussion of the first four groups of representative clements has revealed 
some regularities that make the descriptive chemistry of these elements quite 
coherent. In group IA particularly, there is a strong resemblance between the 
elements. This marked resemblance persists in group IJA, but superimposed 
on it are some important trends. Beryllium is a less active reducing agent and 
forms a much more acidic oxide than do the other alkaline-earth elements. More- 
over, its halides have properties that are easier to rationalize in terms of covalent 
than ionic bonding. Some of these properties appear to a lesser extent in mag- 
nesium, but are suppressed in the heavicr alkaline-earth clements. In the 
group IITA family, the elements display a considerable range of properties, but 
still retain some resemblance to each other. Boron is a semimetal and has the 
acidic oxide and molecular covalent halides associated with semimctals. The 
propertics connected with metallic behavior become more obvious as the atomic 
weight of the elements increases. In group IVA, the trend of inercasing metallic 
behavior with increasing atomic weight is repeated. 

When elements of the same period are compared, it is clear that there is a 
general trend from metallic to nonmetallic behavior as one passes from left to 
right. In the first period, the dividing line between metals and nonmetals occurs 
at the element boron in group IIIA. In the second and third periods, the dividing 
line occurs in group IVA, while in the fourth period it is delayed to group VA. 
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Thus there is a diagonal region in the periodic table that separates the metals 
and nonmetals. 

Besides the vertical relationships and horizontal trends in the periodic table, 
there is a resemblance between elements that are diagonal neighbors. This 
diagonal relationship is most noticeable in the following portion of the table. 


Tey Be B c 
> ae 


Some examples of this relationship are the semimetallic character, acidic oxides, 
volatile hydrides and halides of both boron and silicon, the amphoteric oxides 
and volatile halides of both beryllium and aluminum, and the ease with which 
both lithium and magnesium form nitrides. In some respects this diagonal 
relationship is more obvious than the vertical resemblances in a given group. 
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14.1 By considering the solubilities of the alkaline-earth hydroxides, decide how the 
pH of a solution should affect the strength of magnesium and barium metals as 
reducing agents. 

14.2 Using the data given in Table 14.12, analyze the energetics of the half-cell 
reaction M(s) = M+t%(aq) + 38e7 for aluminum and gallium. Suggest a reason why 
aluminum is a better reductant than gallium. 


14.3 Jt is generally accepted that positive ions are more extensively hydrolyzed, or 
act as stronger acids, the higher their charge and the smaller their radii. Cite several 
examples from this chapter that support this generalization. 
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14.4 The triiodide ion, I, is known in aqueous solution, but while the solid com- 
pound CsI3 is stable with respect to CsI and Ig, Lilg is not stable with respect to Lil 
and Io. To account for this difference in stabilities, reasoning similar to that used to 
explain the relative stabilities of the alkaline-earth carbonates can be used. Construct 


an argument that rationalizes the relative stabilities of CsI3 and Lif3. 
14.5 The rock-salt crystal structure can be regarded as a cubic closest-packed anion 
lattice with cations in all octahedral holes. Lithium iodide has the rock-salt structure, 
and the distance between iodine nuclei that form an edge of a face-centercd cube is 
6.050 A. By assuming that the lattice dimensions are determined by anion—anion 
“contact,” calculate the radius of the iodide ion. 
14.6 How would you expect the following properties of francitum to compare with 
those of the other alkali metals: (a) ionization energy; (b) atomic radius; (c) ionic 
radius? Does the occurrence of the lanthanide scries have any relevance to your 
answers? | 
14.7 From the standard half-cell potentials 
Whe see SI. §° = —0.336 volt, 
eee = gE ego) lice 
calculate the equilibrium constant for the reaction 
el 7S aU ee 
Would you expect thallous ion to disproportionate in aqueous solution? 
14.8 Why is Sn*tt more extensively hydrolyzed than Pbt*? 
14.9 With respect to decomposition by the reaction MSO4(s) = MO(s) + SOa(g), 
which of the group ITA sulfates would you expect to be least stable? Which would 
you expect to be most stable? 
14.10 Discuss, in terms of an ionic-bond model, the possible reasons why aluminum 


is found exclusively as Alt? in solution and in its stable compounds, whereas thallium 
displays both +1 and +3 oxidation states. The ionic radius of Tl* is 1.47 A. 


THE REPRESENTATIVE ELEMENTS: GROUPS I-IV 


CHAPTER 15 


THE 
NONMETALLIC ELEMENTS 


Groups VA, VIA, VIIA, and the mert gases include most of the nonmetallic 
elements. The chemical behavior of each of these elements is in general more 
complicated than the chemistry of the representative metals, and in some cases 
a nonmetallic element may show only slight resemblance to the other members 
of its chemical family. Nevertheless, it is possible to detect a number of regu- 
larities, particularly among the structural features of the compounds of the 
nonmetals, that aid us in remembering and understanding the chemistry of 
these elements. 


15.1 THE ELEMENTS OF GROUP VA 


A considerable range and variety of chemical and physical properties are 
encountered upon examination of the group VA elements. Some of these 
properties are given in Table 15.1. Nitrogen and phosphorus are nonmetals, 
arsenic and antimony are semimetals, and bismuth is a metal with a rather 
small electrical conductivity. While the characteristic oxidation states of these 
elements might be taken as —3, +8, and +5, there are individual peculiarities. 
Nitrogen appears in every integral oxidation state from —8 to +5, and as one 
proceeds down the family of elements, one finds that the +5 state and par- 
ticularly the —3 state become increasingly unstable and rare. A similar trend 
Was encountered in groups III and IV. 
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Table 15.1 Properties of the group VA elements 


N = As Sb Bi 
Atomic number 7 ils} S33 oil 83 
Configuration 2s22p3 = 3s73p3 4s24p3 5s*5p3 6 s*6p3 
lonization energy, kcal 335 254 226 199 168 
Atomic radius, A 0.74 eke 1.21 1.41 1.52 
Melting point, °K 63 317 sublimes 903 545 
Boiling point, °K 77 553 886 1850 1900 
AH s(atom), kcal bio 7 79.8 69 62 49.5 


4 
4 


Analogous compounds of the group V elements display a range of properties. 
For example, ammonia, NHs3, 1s basic and thermodynamically stable, while 
PHs3 1s much less basic and is thermodynamically unstable with respect to its 
elements. In the compounds AsH3, SbH3, and BiHs3, basic properties disappear 
entirely, and BiHg3 in particular is so unstable that only trace quantities have 
been identified. As a second example, consider that the +3 oxides of nitrogen 
and phosphorus are acidic, but the acidic properties of the corresponding oxides 
of arsenic and antimony are less pronounced, and the +3 oxide of bismuth, 
Bi2Q3, is basic. Other trends and variations in group V will become clear from 
the discussion of the properties of the individual elements. 


Klemental nitrogen exists as a diatomic molecule whose bond dissociation 
energy, 225 keal, is second in magnitude only to that of carbon monoxide. As 
was discussed in Section 11.7, nitrogen and carbon monoxide are isoelectronic 
and both possess a triple bond. Although carbon monoxide is a moderately 
reactive molecule, nitrogen is quite inert, particularly at temperatures near 
300°IX. In some cases, this inert nature is due to thermodynamic considerations. 
I’or example, all the nitrogen oxides have positive standard free energies of 
formation, and thus are intrinsically unstable with respect to nitrogen and 
oxygen. In other instances, however, the inert character of nitrogen is a result 
of kinetic factors, for its reactions with many reagents are quite slow. The 
formation of ammonia from hydrogen and nitrogen is such an example, and it 
is worth considering this reaction in some detail. 

The standard free energy of formation of ammonia is —3.98 kcal/mole at 
25°C, and thus the equilibrium constant of the reaction 


5No(g) + $H2(g) = NHa(g) 
is given at 298°Ix by 
K = e AG kT _. 8.3 x 107, 


where the concentration units are atmospheres. This equilibrium constant is 
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quite favorable to the synthesis, and ammonia should be formed in good yield 
at room temperature 1f equilibrrum could be reached. The reaction is immeasur- 
ably slow, however, and no ammonia is formed when nitrogen and hydrogen 
are mixed at 25°C. 

At elevated temperatures and in the presence of iron catalysts, the rate of 
reaction betwecn nitrogen and hydrogen is large enough to make the ammonia 
synthesis practical. There is still a difficulty, for the standard enthalpy change 
for the reaction is —11.04 keal at 298°IX and is —13.3 keal at 450°C, the tem- 
perature at which the reaction rate is conveniently large. Smee the reaction is 
exothermic, the equilibrium constant at the elevated temperature is smaller 
than at 298°IX, and it is important to know whether this seriously affects the 
maximum yield of ammonia. The value of the equilibrium constant at 723°IX 
might be calculated from the expression 


Kes AT ft 1 
In a = — R (7. ois i) ) (15.1) 








but a certarn amount of care is necessary. Equation (15.1) is based on the 
assumption that AH® is independent of temperature, and this is not true for 
the ammonia synthesis. We can calculate a fair approximation to the equiltb- 
rium constant at 723°Ix, however, if we use for AH® the average of the values 
at 298°IX and 723°K, or —12.2 kcal/mole. Then we have 


2B log Rts, = WMO (1 — hs) 


8.3 X 10? 1.98 \723 298 
log K 723 = ae 
K723 = 4.5 x 107°. 


Because of the approximate treatment of the temperature variation of AH®, 
this answer Is not particularly accurate, and the experimentally measured value 
of K7o3 is 6.5 X 107°. Nevertheless, the approximate value would be good 
enough to tell us that the equilibrrum yield of ammonia at 723°IX is much 
smaller than at 298°Ix. This unfavorable equilibrium constant is counteracted 
somewhat by carrying out the reaction at a high total pressure. While this 
does not change the equilibrium constant, 1t does result in a higher percentage 
conversion of nitrogen and hydrogen to ammonia and makes this direct synthesis 
an Important industrial process. 

Ammonia is a colorless gas with an exceedingly pungent odor. It condenses 
to a liquid which has a normal boiling temperature of —33°C. As discussed in 
Section 13.4, both the boiling point and enthalpy of vaporization (5.64 keal/ 
mole) are abnormally high for a substance of this molecular weight, because 
of hydrogen bonding. 

Liquid ammonia is in some ways similar to liquid water. Salts dissolve in 
ammonia to form conducting solutions, but solubilities are usually smaller in 
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ammonia than in water. Exceptions to this generalization are the salts which 
contain cations which form stable ammonia complexes. Thus the silver halides, 
which are very sparingly soluble in water, are quitc soluble in ammonia, because 
of the formation of the very stable Ag(NH3)3 complex ion. Liquid ammonia 
undergoes autoionization, as does water, but to a much smaller degree: 


2NH3(1) = NH? + NH2, Koso 107°°, 
9H.O0) = H30T+0H-, Koog = 10° ™. 


We see that in the liquid ammonia solvent system, NH? is the acid analogous 
to H307T, and NH3 is the base analogous to OH”. The analogy extends to 
amphoteric behavior as well. Thus, just as zinc hydroxide dissolves in either 
strong aqueous acid or strong base, 


7n(OH)>(s) + 2H*@q) = 7n*t (aq) + 2H.0, 
Zn(OH)o(s) + 20H (aq) = Zn(OH).(aq), 


zinc amide, Zn(NHo)o, reacts with excess NH? or NH3 to dissolve in liquid 
ammonia: 


7n(NHe)o(s) + 2NH7(am) = Z7n**(am) + 4NHs, 
Zn(NH_o)o(s) + 2NH2 (am) = Zn(NHoe)>e (am). 


Perhaps the most remarkable characteristic of liquid ammonia is its ability 
to dissolve the alkali metals to form deep blue solutions of high electrical con- 
ductivity. The solubilities of the alkali metals range from 10 to 20 molal, 
depending on the temperature and the metal. In dilute (~0.01 M) solutions, 
the principal dissolved species are believed to be the alkali metal ions and 
independent electrons which are loosely trapped in solvent cages by electrostatic 
interaction with the dipole moment of NH 3. The blue color of these solutions 
is attributed to transitions of the quasi-free electrons between energy levels 
defined by their interaction with the solvent cage. As might be expected, these 
solutions of alkali metals in liquid ammonia are excellent reducing agents, and 
are frequently used for this purpose in preparative organic and inorganic 
chemistry. 

The ammonia synthesis is the first step in the commercial “fixation” of 
nitrogen. Combustion of ammonia under catalytic conditions produces nitric 
oxide, NO, which is eventually converted to nitric acid, HNO 3. The combus- 
tion of ammonia may take either of two courses 


4NH3(g) + 302(g) = 2No(g) + 6H2O(g), Koog = 10°”, 
4NH3(g) + 502(g) = 4NO(g) + 6H20(g), Koos = 107 


Although the equilibrium constant of the first reaction is much larger than that 
of the second, the latter is selectively catalyzed by platinum metal, aud NO is 
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produced in quantity on the platinum surface at a temperature of about 1000°I. 
To complete the synthesis of nitric acid and the “fixation” of nitrogen, nitric 
oxide is treated with oxygen and water: 


2NO + Oo = NQap, 
8NO, + HoO = 2HNO3 + NO. 


Another reaction by which elemental nitrogen can be converted to a com- 
bined form is the witric oxide synthesis: 


IN, + 40. = NO, AH® = 21.60 keal. 


Although AG$u5. for this reaction is 20.72 keal and the equilibrrum constant at 
298°IX is only 1.6 x 107?°, the fact that A/F® is positive means that at elevated 
temperatures the equilibrium constant will be more favorable for the synthesis. 
The experimental values of the equilibrium constant are, in fact, 2 x 107? at 
2000°IX, and 6 X 107? at 2500°lx. One method of synthesizing nitric oxide is 
to pass nitrogen and oxygen through an electric are discharge, which creates a 
high, if ill-defined, temperature. 

In internal combustion engines operating on fuel-air mixtures, the combustion 
temperature is high enough so that small but significant amounts of nitric 
oxide are formed. When nitric oxide enters the atmosphere as engine exhaust, 
it is converted to nitrogen dioxide, NO», by reaction with oxygen. Photo- 
dissociation of NO» to NO and O initiates smog forming reactions when hydro- 
carbons are present in the atmosphere. Attempts to increase the performance 
of engincs and lower the emission of unburned hydrocarbons by increasing 
compression ratios and combustion temperature lead to increased formation of 
NO. Thercfore one presently favored method of decreasing both hydrocarbon 
and nitric oxide cmission from engines is to decrease the cylinder combustion 
temperature to diminish NO formation, and climinate unburned hydrocarbons 
from the exhaust by catalyzed combustion at low temperatures. 

Elemental nitrogen does undergo direct reaction with some of the metallic 
elemeuts. The reaction of nitrogen with lithium to give lithium nitride, Li3N, 
proceeds slowly at room temperature, and rapidly at 250°C. The reaction of 
nitrogen with the alkaline-earth metals to form nitrides like Mig3No 1s rapid 
at temperatures above 500°C, and at an even higher temperature, nitrogen 
reacts with boron, aluminum, silicon, and many of the transition metals. Thus, 
while nitrogen is, in general, inert at temperatures near 25°C, it does react 
directly with a number of elements at somewhat elevated temperatures. 


Nitrogen forms an extensive series of nitrides which are usually classified as 
being ionic, covalent, or interstitial in nature. Lithium, the alkaline-earth 
elements, zinc, and cadmium form nitrides that apparently contain the N7° 
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ion, for upon hydrolysis they yield ammonia: 


LigN + 3H.O = 3Lit + 30H~ + NHsg, 
CasN, + 6H.O = 3Catt + GOH + 2NH3. 


Compounds of nitrogen with the elements of groups III, IV, and V are 
generally considered to be covalently bonded nitrides. These include BN, 
SigN4, P3N5, and others. The compound BN 1s isoelectronic with carbon and 
exists in two forms that are analogous in structure to graphite and diamond. 
In the “graphite” form of BN there are planes which consist of alternate boron 
and nitrogen atoms 1.45 A apart in hexagonal rings. The distance between 
two neighboring planes of atoms is 3.34 A, which is large enough to suggest that 
there is only van der Waals bonding between the sheets of atoms. The other 
form of BN has the diamond structure, with alternate boron and nitrogen 
atoms in place of the carbon atoms. This form of BN is extremely hard— 
apparently harder than diamond itself. 

Reaction between nitrogen and the finely divided transition metals produces 
interstitial nitrides such as W2N, TiN, and Mo 2N. These compounds contain 
nitrogen atoms in the interstices of the metallic lattice. Like the interstitial 
carbides, interstitial nitrides are very hard, have high melting pomts, are elec- 
trical conductors, generally deviate from ideal stoichiometry, and are chemically 
eI 
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The known oxides of nitrogen and some of their properties are listed in Table 
15.2. Every oxidation state of nitrogen from +1 to +5 is represented among 
the well-characterized oxides. In addition, there are two different oxides that 
have the empirical formula NO3. Both of these are very reactive substances 
that have only been identified by spectroscopy as transient species. 

Nitrous oxide, NO, can be synthesized by the thermal decomposition of 
ammonium nitrate, 


NH,NO3 = N2O + 2H20. 


It is a colorless gas and is the least reactive and noxious of the nitrogen oxides. 
Nitrous oxide is relatively inert at room temperature, but at 500°C it decom- 
poses to oxygen, nitrogen, and nitric oxide and will support the combustion of 
hydrogen and hydrocarbons. Nitrous oxide is isoelectrouie with COz2 and has 
the linear structure expected on this basis: 


7 i eee 
N ii2 A N LI9A O. 


Although nitrous oxide has a small dipole moment, 0.17 D, its physical prop- 
erties are similar to those of the nonpolar carbon dioxide. Nitrous oxide boils 
at_ —88°C, while carbon dioxide sublimes at —78°C. 


THE NONMETALLIC ELEMENTS | 15.1 





Table 15.2 Properties of the oxides of nitrogen 


Nod NO NoO3 NO2g NeOs Neds 
Melting point, °C —98.8 —163.6 -—102 — -—9.3 30 
Boiling point, °C —88.5 —151.8 35 — 213 47 
AH?, kcal 19.5 21.6 20 8.09 2373.1 


AG?, kcal 24.8 20.7 — 12.4 23.5 27.9 


Nitric oxide, NO, is a colorless gas with a rather low condensation tem- 
perature of —152°C. The electronic structure of NO ts intcresting because the 
molecule has an odd number of electrons. Aside from the four ]s-electrons of 
nitrogen and oxygen, there are elevcn valence electrons, one more than in 
No and CO. The first ten of these electrons are accommodated in molecular 
orbitals that are qualitatively the same as those of Nz and CO. A total of four 
electrons go m nonbonding orbitals: two on the nitrogen atom and two on the 
oxygen atom. Six electrons enter bonding orbitals: two in the o-orbital, and 
two each in the 7;- and 7,-orbitals. The next orbitals in order of increasing 
energy are 77 and 7}: antibonding z-orbitals. The last electron in NO enters 
one of the 7*-orbitals, so nitric oxide has three pairs of bonding electrons and 
one antibonding clectron. This situation is sometimes described as a 24 bond. 
This designation scems appropriate when we compare the bond lengths and 
bond energies of NO and NO™. 


oN, ee Os [at IN pesos) lat 
LISA 1.06 A 
150 keal 244 keal 


Thus NO*™, which does not have an electron in the 7* antibonding orbital, has 
a shorter stronger bond than does NO. 

As the foregoing considcrations might indicate, nitric oxide loses an electron 
rather easily and forms NOT. For example, when a mixture of NO and NOz is 
dissolved in concentrated sulfuric acid, the reaction 1s 


NO + NO». + 3H.SO, = 2NO*t + 3HSO;, + H;0°. 


Compounds that contain NOT in ionic lattices with such species as HSO;7, 
ClO,, and BI’; can be isolated. 

Gaseous nitric oxide reacts directly with oxygen to form the brown gas 
nitrogen dioxide, NOg: 
The rate of this reaction is proportional to the concentration of NO squared, 
aud to the first power of the oxygen concentration. The mechanisms 

NO+ NO= (NO). _ (fast equilibrium) 
(NO)o> st Os an 2NOe2 (slow) 
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and 
NO + 0, = OONO (fast equilibrium) 
OONO + NO —-2NO,_ (slow) 


are both consistent with the rate law. It is not now known which of these 
mechanisms is the more important. 

Dinitrogen trioxide, N2O3, exists as a blue solid at low temperaturcs, but in 
the liquid and vapor state it is largely dissociated to NO and NOQOzg. 


N.O3(g) = NO(g) + NOd(g). 


In effect, the chemistry of N2O3 under ordinary conditions is the chemistry of 
an equimolar mixture of NO and NO». Reaction of these mixtures with aqueous 
alkali yields solutions of the nitrite ion, NO2, 


NO(g) + NOo(g) + 20H (aq) = 2NO2 (aq) + H20. 


The other chemical propertics of N2O3 can be predicted from a knowledge of 
the chemistries of NO and NOz. 

Nitrogen dioxide and dinitrogen tetroxide, NO. and N2O4 respectively, 
exist as gases in equilibrium with each other: 


N2O4 = 2NOa AH® — 13,9 keal. 


colorless red-brown 


The reaction as written is endothermic, and consequently dissociation to NO» 
increases as temperature increases. When the mixture is condensed to a solid, 
the lattice is made up entirely of N2O4 units. 

The structures of NO». and N2O, are given in Fig. 15.1. The dimer N204 
has a planar structure, and the nitrogen-nitrogen bond is remarkably long and 
weak [D(N—N) = 13.9 kcal] compared to single bonds between nitrogen 
atoms in other molecules. The bond angle in NO», 134°, is intermediate be- 
tween the angles found in the related ions NO? (180°) and NOZ (116°). This 
is a specific example of the general observation that among triatomic molecules 
and ions, those with seventeen through twenty valence electrons (NO2, NO2, 
O3, SO.) are nonlinear, as has been discussed in Chapter 12. 


O O 
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Structures of nitrogen dioxide and dinitrogen tetroxide. 
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When NQOz dissolves in cold water, a mixture of nitrous and nitric acids is 
formed: 


2NO. + H.O = HNO, + Ht + NO3. 


Thus this reaction is a disproportionation of nitrogen in the +4 oxidation state 
to the +5 and +3 states. Nitrous acid itself is unstable with respect to dis- 
proportionation in hot aqueous solutions, so when NOg dissolves in hot water, 
the net reaction can be written as 


ENO. dO — 2H 2NOa- NO. 


This reaction is used in the synthesis of nitric acid. Because NO. forms nitric 
acid upon contact with water and it also reacts directly with a number of metals, 
it is a very corrosive gas. 

Dinitrogen pentoxide, N2Os, is made by the action of P4QO19 on nitric acid 
vapor: 


4HNO3(g) + P4Oi0(s) = 4HPO3(s) + 2N205(g). 


Thus NO; is the anhydride of nitric acid. Although the structure of NoOs; is 
not known in detail, the gencral arrangement of the atoms is given by 


At room temperature N2O; decomposes at a moderate rate according to the 
net reaction 


The mechanism of this decomposition involves the transient oxide of nitrogen, 
NO3. In the first step of the decomposition NOs is in equilibrium with NO» 
and NOs: 


1 N.oO;, = NO.+ NQO3 (rapid equilibrium). 
Some collisions between NO» and NQ3 Icad to formation of an oxygen molecule: 
2. NOes+tNO3s —~ NO+ 02+ NOe (slow). 


A more detailed representation of this step 1s 


| 
N + N > WN N = 5 nl 
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FIG. 15-2 


FIG. 15.3 


Thus the product NO, molecule contams a different nitrogen atom from the 
reactant NO» molecule. Finally, NO reacts very rapidly with NQ3: 


3. NO + NO3 — 2NQz. 


Thus in the decomposition of pure N2O5, both NO3 and NO are reactive mter- 
mediates, and are present only in very low concentration. 


O 


120° 
Structure of the nitrate ion. N 
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Although dinitrogen pentoxide exists as N2O5 molecules in the gas phase, 
x-ray studies show that the solid consists of the tons NO? and NO3, and so it 
might be called nitronium nitrate. As was mentioned above, the nitrontum 
ion, NO, is isoelectronic with COg and N20, and has the lmear structure 
[(O—N—O]*, with a nitrogen-oxygen bond distance of 1.15 A. The nitrate ron 
is isoelectronic with COZ and BF, and has the expected planar trigonal struc- 
ture given in Fig. 15.2. As noted in Section 11.8, a single electron-dot or lme 
structure for the nitrate ion cannot satisfy the octet rule and indicate that the 
three nitrogen—oxygen bonds are equivalent. Consequently, one representation 
of the nitrate jon is as a resonance hybrid of the structures given m Section 11.8. 
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Structure of the nitric-acid molecule. \vseneaes 
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The most important of these is nitric acid, HNO3. The gascous molecule has 
the structure given in Fig. 15.3, which shows that the symmetry of the nitrate 
ion is partially destroyed wheu a proton is attached to it. In concentrated solu- 
tions, nitric acid is an extremely powerful oxidizing agent and reacts with metals 
like copper and silver with the production of NO: 


8H+ + 2NO; + 3Cu = 3Cutt + 2NO + 4H,20. 
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Reaction of the active metals with concentrated nitric acid produces am- 
monium ion: 


1OH* ++ NO; -+ 4Zn = 4Zntt + NH? +- 3H.O. 


In solutions more dilute than 2 A/, the oxidizing power of the nitrate group is 
greatly diminished, and only the protons of the dissociated acid react with the 
active metals to evolve hydrogen. This behavior should not be too surprising, 
for the half-reaction 


NO; + 4H + 3e— = NO + 2H.0, g° = 0.96 volt, 


shows that the power of NOs as an oxidant should be very sensitive to the 
concentration of the acid, since four protons appear on the left-hand side of 
the equation. 

We noted above that reaction of equimolar mixtures of NO and NO» with 
aqueous alkali gives solutions of nitrites. Solutions of nitrous acid can be made 
by acidification of solutions of nitrites. Nitrous acid is a weak acid, as the 
dissociation constant for 


HNO.2(aq) = Ht(aq) + NO3@ (aq), ete ol) 


shows. The pure liquid acid is unknown, and in the gas phase it is noticeably 
dissociated: 


2HNO2(g) = NO(g) + NOo(g) + HeO(g), K = 0.57 atm. 


As noted earlier, even aqueous solutions of nitrous acid are unstable and decom- 
pose when heated according to 


3HNO2(aq) = H*(aq) + NO3 (aq) + H20(1) + 2NO(g). 


Nitrogen appears in at least eight oxidation states in its water-soluble species, 
and there is a very large number of half-reactions that involve these oxidation 
states. In addition to the nitrate—nitric oxide half-reaction given earlier, some 
of the important half-reactions are the following: 


NOs 4 3H* + 2e7 = HN@.+H20, 8° = 0.94 volt, 


HNO. -+ Ht +e = NO + H.O, g° = 1.00 volt, 
2NO3 + 10H* + 8e— = N20 + 5H,0, g° — 1.11 volts, 
N2O -++ 2H + 2e7 = Neo -+ H2O, ¢° = 1.77 volts, 
Yo -+ 4H + 3e— = NH7, 6° = 0.27 volt. 


A convenient summary of this series of half-reactions is provided by the follow- 
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ing reduction-potential diagram. 
0.96 
J os : 100 J}. 1.59 1.77 pov ee 
NO;——HNO> NO———N..O Ne NH? 


| 1.11 | 














In this diagram only the nitrogen-containing species are indicated. A Ime 
represents the properly balanced half-reaction, written as a reduction, that 
interconverts the two species, and the voltage associated with the half-reaction 
is Written over the line. Thus from this diagram it is possible to tell at a glance 
that nitrate ion is reduced to nitric oxide with a standard potential of +0.96 
volt, that nitrogen gas going to ammonium ion is a spontaneous process with 
a standard voltage of +0.27 volt, and so on. 

Reduction-potential diagrams make it easy to pick out species that are 
thermodynamically unstable with respect to disproportionation. For example, 
consider the following partial diagram. 


NO; —"-HNO,——_ NO. 





It appears that HNO, is reduced to NO with a potential of +1.00 volt, but 1s 
oxidized to NO3Z with a potential of —0.94 volt. Therefore HNO» should be 
converted to NO3 and NO with an associated voltage of 1.00 — 0.94 = 
0.06 volt. Writing out the relevant half-reactions in more detailed form con- 
firms the following conclusion. 


2x (HNO, + Ht +e7— = NO+ H,0) &° = 1.00 
—1 x (NO; + 3Ht + 2e— = HNO, + H,0) —(g° = 0.94) 
3HNO, = NO; + Ht + 2NO+ H20 As® = 0.06 


In general, a species having an intermediate oxidation number will be unstable 
with respect to disproportionation if it appears in the reduction-potential dia- 
gram with a voltage to its right that is larger than the voltage to its left. 

The reduction-potential diagrams above apply to reactions that occur m 
acidic solutions. It is instructive to examine the corresponding diagram for 
basic solutions: 


0.15 
— 0.01 +r\— —0.46 0.76 0.94 —0.73 
NO ee Oo NCO NSS 
0.10 





The most remarkable feature of the composition of the standard potentials in 
acidic and basic solutions is that they show that nitrate and nitrite ions are 
much weaker oxidants in basic solution than they are in acidic solution. This 


THE NONMETALLIC ELEMENTS 15.1 





is not too surprising, for as was noted above, the half-reactions for reduction of 
nitrate involve several hydrogen ions as reactants, as m 


NO; + 4H™ + 38c~ = NO + 2H.0. 


A change from 1 MJ H* to 1 Af OH7™ reduces the hydrogen-ion concentration 
enormously, and the oxidizing power of the nitrate ion decreases accordingly. 
The same generalization applies to other oxyanions: in acidie solution MnO;z 
and Cr2O7 are stronger oxidizing agents than they are in basie solution. An 
alternative way of stating this generalization is that it 1s easicr to oxidize an 
element to an oxyanion of high oxidation number in basic solution than in 
acidic solution. 

Another noteworthy feature of the reduction-potential diagram for basic 
solution is that it shows that nitrite ion is stable under these conditions: 


NO; ———NO; —="_NO. 
Writing out the disproportionation reaction in detail we find that 
8NO, + H.O = NO; +20H~+2NO, <As&° = —0.47 volt, 


which shows that nitrites can exist without spontaneous decomposition in basic 
aqueous solution. 


Nitrogen Halides and Oxyhalides 


Nitrogen forms only four binary hahdes that have been obtained as pure com- 
pounds: NIf3, Noko, Nol’4, and NCls. Both NF3 and Nols are obtained when 
NH,F* is dissolved in pure HF and electrolyzed. Dinitrogen tetrafluoride is 
one of the products recovered from an electrical discharge through NF, and 
mercury vapor, and 1s also obtained when NI°3 reacts with copper to produce 
Cini’ s: 


Ie 102.5° The pyramidal structure of nitrogen trifluoride. 


The nitrogen fluorides display some interesting structural and chemical 
properties. Nitrogen trifluoride is a stable, rather inert gas. It has a geometric 
structure very similar to that of ammonia, as is shown in lig. 15.4. Despite 
the fact that NI*3 has a pair of nonbonded electrons, it is not a Lewis base, for 
there are no known compounds in which it donates electrons to other reagents. 
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Apparently this lack of basic properties is related to the electronegative nature 
of the fluorine atoms, which tend to draw electron density away from the 
nitrogen atom and make it a poor electron donor. 

There are two known isomers of Nols. One of them definitely has the trans 
planar FNNF structure, and the other isomer has the czs configuration: 


KF F F 


x ees 
N=N N=N 


aN 
F 


trans C18 


The gcometry of this molecule suggests that we can think of the nitrogen atoms 
as being sp*-hybridized, and linked by a o-m double bond. 
Dinitrogen tetrafluoride is a gas that is partially dissociated into NF 
fragments: 
FoNNF, = 2NFo9, AH = 19 kcal. 


This situation is similar to that found for N2O4-NObs, and in fact the N—N 
bond in NoF,4 is nearly as weak as that in N9Q4q. 

There are two series of nitrogen oxyhalides. The nitrosyl halides have the 
general formula XNO. Of these, the fluoride, chloride, and bromide are well 
known, and the iodide has been recognized as a transient species in reaction 
mixtures. The general formula of the nitryl halides is XNOg, and only the 
fluoride and chloride are known. 

None of the nitrogen oxyhalides is particularly stable, and these compounds 
are of interest principally because of their structural properties. The nitryl 
halides are isoelectronic in their valence shell with the nitrate ion, and like 
NOj, are planar triangular molecules. In accordance with our experience with 
triatomic molecules which have more than 16 valence electrons, the nitrosyl 
halides are nonlinear and have the structural parameters given in Table 15.3. 
In each of these molecules the halogen is bonded to the nitrogen atom. In view 
of this fact, it is rather surprising that in the analogous compound NSF, the 
fluorine atom is attached to the sulfur atom. 


Table 15.3 Properties of the nitrosyl halides 
FNO CINO- BrNO 


Melting point, °C —133 —65 —56 


Boiling point, °C 60 — 6 0 
AHp, kcal — 12.57 19.56 
AG/, kcal — 15.86 19.7 

X—N distance, A 1.52 1.95 2.14 
N—O distance, A iis 1.14 Lbahd 
X—N—O angle, deg 110 116 114 
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This element is the twelfth most abundant tn nature, and is found most 
frequently in the form of phosphates like Ca3(PO4).-H.O. Treatment of 
this phosphate with silica and coke at high temperature produces elemental 
phosphorus: 


2Ca3(PO4)e + 68105 — 6CaSi103 + P4,Oy0(g), 
P4,Or9(g) + 10C = P4(g) + 10C0. 
The solid obtained by condensing the vapor is white phosphorus. This allctrope 


of phosphorus contains discrete Py molecules whose structure is shown in 
|e Eee 


2.21 A 


Structure of the P, molecule. 


Although white phosphorus is the allotropic form easiest to prepare, and is 
taken to be the standard thermodynamic state of the element, it is not the most 
stable allotrope. Upon heating or irradiation, white phosphorus is converted to 
red phosphorus, a polymeric substance whose structure is not known in detail. 


> 
a 


The fayer structure of black phos- 
phorus. For an alternative view, 
see Fig. 13.2. 


A third allotrope, black phosphorus, is produced by subjectmg the element to 
high pressures or by careful reerystallization of white phosphorus. Black 
phosphorus is the most stable form of the element and has the structure shown 
in Fig. 15.6. The three allotropes of phosphorus differ in their chemical re- 
activity, with white phosphorus the most reactive and black the most inert. 
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FIG. 15.7 


650 


Phosphorus forms phosphides by direct combination with some of the metals 
of groups I and IJ. Calcium phosphide also can be prepared by heating phos- 
phorus with CaO: 


6CaO + Als = 2CazPo -{- P4Q¢. 
When treated with water or dilute acids, CagP,2 yields phosphine, PHs3: 
CazPo fp 6H.O = 2PHs. + 3Ca(OH)>. 


This reaction is analogous to the hydrolysis of the saltlike nitrides, which yield 
ammonia. The compounds of phosphorus with the transition metals are grey 
solids with some metallic luster and conductivity, and in this respect resemble 
the transition-metal nitrides. 

The compounds of phosphorous with the metals of group III of the periodic 
table (BP, AIP, GaP, InP) are interesting in that they are isoelectronic with 
silicon and germanium, and have the same type of crystal structure. Each atom 
is surrounded by four others which are located at the corners of a regular tetra- 
hedron. All these compounds melt above 1000°C, and like silicon and germanium, 
are semiconductors. 

Phosphorus combines with a variety of nonmetallic elements to yield covalent 
molecular compounds of diverse properties and structure. Of these, the oxides 
and halides are most important, and we will confine our discussion to them. 





(a) O (b) 


The structures of (a) P40, and (b) P4O 10. 


White phosphorus reacts with atmospheric oxygen spontaneously. If the 
oxygen supply is somewhat limited, the principal reaction product is P4QOg¢, 
phosphorous oxide. If phosphorus burns in excess oxygen, the product is P4Q,o. 
The structures of the molecules of these two oxides are related to the P4 struc- 
ture, as lig. 15.7 shows. For historical reasons P4019 is often written as P2Os 
and referred to as phosphorus pentoxide. It has a large affinity for water and 
is often used as a drying or dehydrating agent. 
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and (b) P207?. 


(a) (b) 0 


There are several oxyacids and oxyanions of phosphorus. When a small 
amount of water is added to P4O;9, metaphosphorie acid, (HPO3), 1s formed. 
This is a polymeric material in which there are anions of various chain and 
cyclic structures. In the trimetaphosphate ion, (PO3)3°, three PO, tetrahedra 
are linked in a eyclic structure, with each PO, group sharing one oxygen atom 
with each of its two neighboring PO, units. In tetrametaphosphate, (PO3)4 *, 
there are four such tetrahedra linked in a ring. Further addition of water leads 
to pyrophosphorie acid, H4P207, and to orthophosphoric acid, H3PO4. The 
structures of the anions of these acids are given in Fig. 15.8. 


Table 15.4 Thermodynamic properties 
of phosphoric acid 
AH}(kcal/mole) S°(eu) 


H3PO4(aq) —308.2 42.1 


HPO, (aq) —311.3 21.3 
HPO, (aq) —310.4 —8.6 
PO, 3(aq) —306.9 — 52 


H*(aq) 0 0 


Orthophosphoric acid, or phosphoric acid as it is more commonly called, is a 
tribasic acid of moderate strength. A thermodynamic analysis of its successive 
ionization steps is instructive, for it helps reveal the factors that determine the 
strengths of acids in general. Table 15.4 contains the relevant data. For the 
first ionization we find that 


H3PO, = Ht+H.PO7, K=6x 1073, 
AH® = —3.1 keal, AS® = —20.8. 
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The enthalpy and entropy changes upon dissociation might seem surprising, for 
if the dissociation were a simple O—H bond-breaking process, we would expect 
AH® and AS® to be positive numbers. In aqueous solution, however, ionization 
of H3POy, is a proton-transfer process that might better be written as 


H3PO4(aq) +- H.O = HPO; (aq) + H;30°. 


Thus the reaction is a relocation of the proton, and the value of —3.1 kcal 
for AH® tells us that the system is in a state of lower energy when the proton 
has become associated with a water molecule and a pair of hydrated ions 
has formed. 

We can also explain why the entropy change of the ionization reaction is 
negative. The ionization “creates” charges which tend to bind or localize water 
molecules. This localization of water molecules introduces order among the 
solvent molecules, and thereby lowers the entropy of the system. 

The second ionization of phosphoric acid, 


HPO, = HPO; Hie lime 


is slightly endothermic, for AH® = 0.9 kcal, but AS® is again negative, and equal 
to —29.9eu. Similarly, for the third ionization, AH°® is still more positive, and 
AS® is negative. The trend in the values of AH°® for the ionization steps is not 
surprising, for we would expect that the energy required to remove a proton 
would increase as the negative charge on the parent acid increases. The value 
of AH® for the first ionization does show, however, that we must not think that 
the dissociation of an acid is necessarily an endothermic process. Furthermore, 
the values of AS® for all the ionization steps show that entropy changes can 
exert profound influences on acid strengths. 

The simplest oxyacid of phosphorus (III) is H3PO3, orthophosphorous acid. 
It can be prepared by hydrolysis of PCls, 


PCls —+ 3H.O — H3P03 —- 3HT + BCIF. 


Despite its empirical formula, phosphorous acid is a dibasic acid, for the third 
hydrogen does not react with bases. The ionization reactions are 


H3PO3 = laa +- H.PO;, Ky == 16 x 10a 
H,PO, = H* + HPO;, Ke — Te 


Similar behavior is found for hypophosphorous acid, H3PO2, which is only a 
monobasic acid: 


EeeOs— HH EseOs, kK = 10 


The explanation of this behavior lies in the structures of HPO; and H2PO2, 
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shown below. 
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hypophosphite phosphite phosphate 


The hydrogen atoms attached directly to phosphorus are not acidic, whereas 
those bonded to oxygen are. As we remarked in Chapter 13, the oxyacids of a 
given element tend to become stronger as the oxidation state of the element 
increases. This trend is not observed in the H3PO2, H3PO3, H3PQOx, series, and 
the peculiar structure of the hypophosphite and phosphite anions is the reason 
for this unique behavior. 

Because phosphorus displays a number of oxidation states, and because its 
oxyanions have a tendency to polymerize, the solution chemistry of this element 
is moderately complex. We can get a general idea of the properties of the various 
oxidation states of phosphorus, however, by consulting the following reduction- 
potential diagrams: 


al 0: 50 


| . | 
H3P0, ae H3PO3 me H3PO. we Pye = PL. (acidic solution), 














PO; —“ HPo; —““H PO; ——-P «— PH _ (basic solution). 


We can see that the oxyanions of phosphorus are very poor oxidizing agents, 
particularly in basic solutions. On the contrary, all but the highest oxidation 
state of phosphorus have strong reducing properties. In addition, elemental 
phosphorus is unstable with respect to disproportionation, for from the potential 
diagram for basic solutions we can deduce the following: 


Pee 2H + 12e5 — 4PH,— 120s, 6° = —0.89, 
4H2PO5 + 4e— = P, + 80H, 7 


Combimation of these half-reactions gives 


Phosphorus Halides and Oxyhalides 


The halogens react with white phosphorus to form two types of halides, PX3 
and PXs. Iodine is an exception, since its compounds with phosphorus are PI3 
and PoI4. Table 15.5 lists the phosphorus halides and some of their properties. 
The trihalides all have pyramidal geometry similar to ammonia and PH3, and 
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Table 15.5 The phosphorus halides 





PEs arcs PBrg3 Pla Fis ells PBrs Pola 
Boiling point, °C —95 75 b/3 61 —85 163(sub) decomp decomp 
AH?, kcal — -—81.0 —47.5 —109 — -—110.7 -—66.0 —19.8 
AG;, kcal — —68.6 — — 8.9 


X—P—X angle, deg 104 100 101 102 


despite the differences i size of the halogen atoms, the X—P—X bond angle in 
all the trihahdes is near 102°, as Table 15.5 shows. 

Of the trihalides, PI*3 1s the most stable and inert chemically. While PI3 
reacts with water only very slowly, PCl3 is rapidly hydrolyzed to H3PQO3: 


PCls + 3H20 = H3PO3 + 3Ht + 3Cl-. 
Other important reactions of PCl, are 


PCI; -Cls — PCle 
PCs, + 302 — POCIg, 
PCls + 3NH3, = PWN) oC 


Some analogous reactions may be written for the other PX 3 compounds. 

In the vapor phase, the pentahalides PI*s, PCls, and PBrs are discrete 
molecules that have the trigonal bipyramid structure discussed in Section 11.5. 
In the solid phase, however, PCl; exists as an ionic solid consisting of PCI 
and PCl,g, which have the structures shown in Fig. 15.9. Solid PBrs is made 
up of PBrj and Br7 ions. Apparently PBrg does not form because of the 
difficulty of packing six large bromine atoms close to a central phosphorus atom. 








|e 
The structures of (a) PCI Me foe 
and (b) PCl¢. oe 

Cl 


The most important oxyhalides of phosphorus are of the type POX3, where 
X may be F, Cl, or Br. As noted above, phosphory! chloride, POCls, can be 
made by the reaction of oxygen and PCl3. Phosphory! fluoride, POF, is made 
by fluorinating POCI,: 


POCI, + Ask’, = AsCl3 -L POL. 
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The phosphoryl! halides are electron donors and form complex addition com- 
pounds with metallic halides sueh as AleCle, ZrCl4, HfCl4, and TiCly. The 
geometry of the phosphory! halides is of interest, for these compounds are 
isoelectronic in their valenee shells with the phosphate ion, PO7°. As expected 
on this basis, the phosphoryl halides have a slightly distorted tetrahedral 
structure, with X—P—X bond angles of approximately 108°. 


Arsenic, Antimony, and Bismuth 


These elements are not at all abundant and occur in nature principally as 
oxides and sulfides. They ean be recovered by reduction of their oxides with 
carbon. Rapid condeusation of arsenic and antimony vapors gives the yellow 
nonmetallic allotropes that consist of As, and Sb, tetrahedral molecules, analo- 
gous to Py. The more stable semimetallic allotropes of arsenic and antimony 
exhibit metallic luster, are moderately good eonduetors of heat and eleetricity, 
and have crystal structures similar to that of blaek phosphorus. 
The elements combine with oxygen and the halogens directly: 


4As + 305 = As4QOz, 
Ay 0), = SOs, 
2Bi + 205 = Biss, 

eo. — i 


The +83 oxides of arsenie and antimony are discrete molecules which have 
structures based on the As4 and Sb, tetrahedra, but in BioQ3, no such discrete 
molecules exist. The oxides AsgOg and Sb4O,¢ are amphoteric, but BigQ3 is 
basic and rather insoluble in water. 

The principal oxidation states and some of the ehemistry of arsenic are 
| represented in the following reduction-potential diagrams: 


HAsO ye -HAsOo.——As——"" AsH3_ (acidic solution), 
On Ac; —~"- As" AsH. (basie solution). 


Once again we see that it is easier to oxidize the element to its higher oxidation 
states in basie solution than in aeidic solution. Unlike phosphorie acid, arsenic 
acid, H3AsO4, is a moderately strong oxidizing agent in aeidic solution. In 
basic solution, however, arsenie (V) loses its oxidizing power, and arsenic (IIT) 
beeomes a good reducing agent. Basie solutions of arsenite, AsO , are often 
used to standardize the concentration of oxidizing solutions in quantitative 
analysis. 
The potential diagram for antimony in acidic solution is 


Sk 0.58 SbhOt 0.21 Sh — 0.51 SbH3. 
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The oxide of antimony (V) is virtually insoluble in acidic solutions, but is a 
moderately strong oxidizing agent. In acid solution, antimony (III) exists as 
SbOT or Sb(OH)3, which can be regarded as hydrolyzed forms of Sb*?. 
Bismuth appears in aqueous solution only in the +3 oxidation state. The 
oxide Bi,O3 dissolves in acids to give solutions of BiOt or Bi(OH)3, which are 
hydrolyzed forms of Bit*. The +5 oxidation state of bismuth is obtained only 
by treating Bi203 with very powerful oxidizing agents like Cl, and Na2Oze in 
the presence of NaOQH. The brown solid that results from this treatment ts 
insoluble in water and is a very powerful oxidizing agent. It is not clear whether 
{his solid is a true sodium bismuthate NaBiOs, or a mixture of Na,O and Bi.Os. 
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Among the representative elements, it is clear that the lightest member of any 
periodic group has chemical properties that differ rather noticeably from those 
of the heavier members of the group. This behavior is particularly clear in 
group VIA. Oxygen, the most abundant and important member of the group, 
exists ordinarily as a diatomic gas, and in its chemistry displays negative 
oxidation states almost exclusively. Sulfur, selenium, tellurium, and polonium 
exist as solids with structures that are rather complex and form compounds in 
which they appear in a range of positive as well as negative oxidation states. 
Thus in most of its chemical and physical properties, oxygen is quite different 
from the other members of group VI, as Table 15.6 shows. 


Table 15.6 Properties of the group VIA elements 


O S Sse Te Po 
Atomic number 8 16 34 52 84 
Configuration 2s°2p* 3s°3p* 4s°4p* 5s25p* 6s76p4 
lonization energy, kcal 314 239 225 208 194 
Atomic radius, A 0.74 1.04 La bye 1.37 1.64 
Melting point, °K 54 392 490 723 527 
Boiling point, °K 90 Toles: 960 1260 1235 
AH (atom), kcal 52) 66 49.4 46 34.5 
lonic radius, M=, A 1.45 1.90 2.02 One — 


Iiven among the remaining group VI elements, there is a substautial grada- 
tion of properties. Sulfur is a nonmetal, both on the basis of its electrical prop- 
erties, and the nature of its compounds. Selenium and tellurium are grey solids 
with some metallic luster, and because they have small electrical conductivities 
that increase as temperature increases, they are classified as semimetals. Polo- 
nium, a rare radioactive element, has the electrical conductivity of a metal. 
Thus in group VIA the vertical transition from nonmetallic to metallic behavior 
occurs Just as it did in groups IV and V. 
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This clement, the most abundant in nature, forms compounds with all elements 
except some of the inert gases. The nature of the oxides in which oxygen has 
an oxidation state of —2 has been diseussed in Section 13.3 and throughout our 
treatment of deseriptive ehcmistry. Here we need only examine the properties 
of the clement itself and those eompounds in whieh oxygen is found in the 
“abnormal” oxidation statcs of —1 and —4, respectively. 

The stable allotrope of oxygen is Og, a diatomie moleeule of substantial 
dissociation cnergy (118 keal/mole). Aceording to magnetie measurements, 
each O» molecule has two cleetrons with unpaired spins. There is no simple 
eleetron-dot structure consistent with the octet rule that can aceount for both 
the high dissociation cnergy and the unpaired eleetron spins. A simple applica- 
tion of the molceular orbitals discussed in Section 12.1 provides a rationalization 
of the properties of oxygen and its diatomic moleeule ions Og and O,. The 
O». molecule has, apart from the four ls-electrons, a total of twelve valence 
electrons. Ten of these ean be accommodated in moleeular orbitals similar to 
those used in the nitrogen moleeule: a pair of nonbonding orbitals, one on each 
atom, a ¢@ bonding orbital, and two a bonding orbitals. The remaining two 
cleetrons must enter the 7? and 7} antibonding orbitals which are the next 
available in order of inereasing energy. The energy of the oxygen molceule is 
lowest if the two electrons enter scparate orbitals with their spins parallel, for 
this eonfiguration keeps the electrons as far apart as possible and minimizes 
repulsion between them. Beeause there are three pairs of bonding electrons, 
and two antibonding electrons, the net number of bonding elcetrons in Oz is 
four, and the moleeule might be pietured as having a net double bond. Thus 
the molecular-orbital picture is eonsistent with the high dissociation cnergy 
and unpaired electron spins in the Og molecule. 


Table 15.7 Bond lengths and energies 
Bond length (A) Bond energy (kcal) 


O, in BaOg 1.49 — 
O; in KOz 1.28 = 
O2 1.21 118 
one ee 150 


Direet combination of the heavier alkali metals with oxygen yields super- 
oxides of the formula MO». These compounds contain the superoxide ion, O92, 
which has one more cleetron than Oo. This “extra” electron can be accom- 
modated in one of the 7* antibonding orbitals, and thus the bond in Og should 
be weaker than that in Og. We would expect a still weaker bond in the peroxide 
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ion, O,, which has a total of four antibonding electrons, two eaeh in the 7f- 
and a;-orbitals. The bond energies of these ions are not known, but their bond 
lengths have been measured, and are given m Table 15.7. It is a fairly general 
and reliable prineiple that short bonds are strong bonds, and we see that among 
the diatomie oxygen speeies m Table 15.7, the bond length mereases, and 
presumably the bond energy deereases, as the number of antibonding eleetrons 
mereases. Thus moleeular-orbital theory is consistent with the facts that are 
known about molecular oxygen and its diatomre ions. 

The second allotrope of oxygen is ozone, O03. Ozone is prepared by passing 
moleeular oxygen through an eleetrie diseharge, condensing the product at 77° Kx, 
aud purifying the ozone by fraetional distillation and hquefaetion. Ozone is 
dangerous, for m certain concentration ranges It 1s violently explosive. 


O 


1278 A 
The structure of ozone, Os3. 117° 


O O 


The strueture of the ozone molecule is given in I*'ig. 15.10. The bond distanee 
is almost exactly the same as that in the superoxide ion, O5, and this suggests 
that the bonds mn ozone are mtermediate between single and double bonds or 
approximately 15 bonds. The resonanee structures of the ozone moleeule are 
eonsistent with this pornt of view. 


(0. ee 9. 


Ozone Is an enormously powerful oxidizing agent m aqueous solution: 
O,+ 2Ht + 2e7- = 0.4+ HO, &° = 2.07 volts. 
In the gas phase it reacts rapidly and completely with a number of reagents: 


NO + O3 = NO2 + Oz, 
2ClO2 + 20 3 aay Cl.O0¢ + 2Qo. 


Treatment of a peroxide like BaO», with dilute aeids yields solutions of 
hydrogen peroxide, H2O»2. The commercial preparation of 30% aqueous hy- 
drogen peroxide solution is obtained by repeated fractional distillation. J'urther 
fraetionations yield even more coneentrated solutions, but these are suseeptible 
to decomposition, and must be stored and handled earefully. 

Pure H2O¢ is a viseous liquid that borls at 150°C and freezes at —0.89°C. 
Thus it resembles water in its physieal properties, and like water it is hydrogen- 
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bonded. It has virtually no uses as a solvent, because it is not only a powerful 
oxidizing agent, it is also unstable with respect to the decomposition 


21150. —= 2H.O -+- O>. 


Because it contains oxygen in the intermediate oxidation state of —1, hydrogen 
peroxide can act either as an oxidant or a reductant. The reduction-potential 
diagram 

O.—=—_H,0,—"-H.,.0 
shows, however, that in acidic solutions, HO. is a much better oxidant than 
reductant. 

Atmospheric oxygen 1s consumed in the oxidative metabolism of carbohy- 
drates in animal organisms and is thereby converted to water and carbon dioxide. 
The photosynthetic process of plants, in which light energy from the sun is 
used to convert carbon dioxide and water to carbohydrate material and oxygen, 
restores oxygen to the atmosphere. However, in the atmosphere itself, oxygen 
undergoes a number of very important photochemical reactions. At altitudes 
of 100-150 km (1 km = 0.621 mile), oxygen is photodissociated by the very 
energetic short wavelength radiation (A < 2000 A) from the sun: 





O. + hv — 20. 


Although the pressure of oxygen is less than 107° atm at these altitudes, oxygen 
absorbs the short wavelength radiation so strongly that little of it penetrates 
below 100 km. Thus atmospheric oxygen shields the surface of the Earth from 
what could be very damaging radiation. 

If oxygen atoms are to recombine to Og, a third molecule M must be present 
to remove the energy released by chemical bond formation: 


O0O+0+M—0,+ M. 


This reaction is exceedingly slow at the 100 km altitude because the concentra- 
tion of third molecules, Og or Ng, is so low. Consequently, the oxygen atoms 
formed by photodissociation diffuse to lower altitudes. At approximately 50 km, 
the density of molecular oxygen is great enough so that the reaction 


O+0,+M—03;:+M 


goes with appreciable speed, and starts to consume oxygen atoms. The con- 
centration of ozone produced by this reaction reaches a maximum value of 
roughly 10'* molecules per ce at an altitude of 20 to 30 km. At lower altitudes, 
the ozone concentration falls, since the oxygen atoms necessary for its forma- 
tion have been largely consumed at higher altitudes. At altitudes above 50 km 
the ozone concentration is low because the concentrations of O» and third body 
molecules MI are low. 
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The ozone layer at 20 to 30 km performs a very important function. Molec- 
ular oxygen is transparent to light in the 2000- to 3500-A wavelength range. 
The photons in this spectral region are fairly energetic, and could cause very 
substantial damage to plants and delicate animal tissue should they reach the 
surface of the Earth. Fortunately, ozone absorbs light in this spectral region, 
and shields the Earth from this potentially damaging radiation. Ozone is 
photochemically destroyed in the following manner by the reactions: 


O3 + hv — O2 + O, 
O + 03 — 20sz. 


However, more ozone is formed by diffusion of oxygen atoms from greater 
altitudes, and the balance between formation and photochemical destruction 
maintains a stable ozone layer. 

The ozone shield is susceptible to alteration by atmospheric contaminants. 
The reactions 


O; 7 NO = N Opa: 
O+ NO,—- NO+ O24 


are very fast, and together consume ozone and its precursor, the oxygen atom, 
faster than the reaction of O with Og. If we add to these reactions the process 


Oz ole hy = Oo a ey 
we get a net reaction of 


203 + hv — 302, 


with no net consumption of NO or NO». Thus these nitrogen oxides can act as 
catalysts for the destruction of the atmospheric ozone layer. This observation 
is of particular significance and concern in view of the proposals to fly supersonic 
transport aircraft in the upper levels of the stratosphere. The NO formed by 
the combustion of fuel-air mixtures leaves the stratosphere very slowly, and 
consequently could significantly decrease the ozone concentration through its 
catalytic action. 


Sulfur occurs in nature in the elemental state and as a variety of metal sulfides. 
The element has several allotropic forms, and the structural properties of some 
of these are very complex and not well understood. In rhombic and monoclinic 
sulfur, its two most common forms, sulfur exists as Sg molecules that have the 
puckered ring structure shown mm Tig. 15.11. If sulfur is dissolved in CSe or 
organic solvents, freezing-point depression measurements show that the molee- 
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ular weight of the dissolved sulfur corresponds to Sg. In another erystalline 
modification, sulfur exists as Sg rings. In liquid sulfur at temperatures of about 
200°C, the ring molecules open up, and long chain molecules are formed. If 
liquid sulfur at this temperature is poured into water, a solid plastic sulfur 
whieh contains helical chains of atoms results. Plastic sulfur is metastable and 
slowly reverts to the rhombic erystalline form. Sulfur vapor eonsists of Sg, S4, 
and S2 molecules in relative amounts that depend on temperature. Thus in its 
solid, liquid, and vapor phases, sulfur displays a variety of molecular structures. 


221 ~@ 


A, The ring structure of Ss. 


Sulfur combines directly with the metallie elements to form sulfides. The 
sulfides of the alkali metals can be elassified as ionic eompounds which contain 
MM and S* ions in an antifluorite lattiee. The alkaline-carth sulfides also are 
best pictured as ionic compounds and have, like:the corresponding oxides, the 
rock-salt lattiee. These sulfides of groups IA and IIA metals are water soluble, 
and the sulfide ions are extensively hydrolyzed: 


S(aq) + H,O = SH“(aq) + OH (aq), K=1. 


Acidification of solutions of soluble sulfides leads to evolution of hydrogen 
sulfide, H2S. This foul-smelling gas is very poisonous. At 25°C, a saturated 
solution of hydrogen sulfide has a coneentration of approximately 0.1 (7, and 
because H2S is a weak acid, such solutions contain a small eoncentration of 
sulfide ion: 


Hiss@q) = HY --HS, K—= Li x 1057, 
[sty — 1 oo Se K = 107", 


Consequently, saturating a solution with hydrogen sulfide is an effective way 
to precipitate many of the very insoluble transition-metal sulfides. 

The sulfides of the transition metals are not usually pictured as simple ionic 
compounds. The doubly and triply charged transition-metal ions are relatively 
small and exert large polarizing forees that tend to distort the large sulfide ions. 
The measured lattice energies of the transition-metal sulfides arc, in general, 
larger than would be predicted by considering them to be ionic lattices. Con- 
sequently, in these sulfides there is a certain amount of covalent bonding between 
the sulfur and metal atoms. The insolubility of the transition-metal sulfides 1s 
related to the very stable lattices of these compounds. 
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In addition to the simple sulfides that contam the S~ ion, there are poly- 
sulfides which contain 8, tons, where 7 ranges from 2 to 6. The exstence of 
such anions is associated with a general characteristic of sulfur chemistry: in 
many compounds there are chains of sulfur atoms bonded to each other. Sulfur 
exhibits this tendeney toward catlenation, or formation of chains of identical 
atoms, more than any other element except carbon. When solutions of the 
polysulfides are acidified, sulfanes of the general formula HS, are formed, 
where 7 ranges from 2 to 6. 


+ 
b 


\ | 


Structure of the SO». molecule. O 120° Q 


The two most important oxides of sulfur are SO, and SO3. Sulfur dioxide gas 
(boiling point, —10°C) is formed by burning sulfur in air: 


S(s) =| Oo(g) = SOo(g), 
AH® = —70.66 kcal, 
AG? = —71.99 keal. 


It is clear from the thermodynamic data that sulfur dioxide is a very stable 
molecule. Nevertheless, the conversion of SO. to SO3 1s favored thermo- 
dynamically: 
SO2(g) + 302 = SO3(g), 
Al1® = —23.49 keal, 
AG® = —16.73 keal. 


The oxidation of sulfur dioxide 1s a slow reaction, but 1s catalyzed by vanadium 
pentoxide or platinum surfaces. Nearly all sulfuric acid production involves 
oxidizing sulfur dioxide by air in the presence of these “contact” catalysts. 
Sulfur dioxide is a triatomic molecule with more than sixteen valence clec- 
trons, and consequently is nonlinear, as Fig. 15.12 shows. The two equivalent 
sulfur-oxygen bonds can be represented by the following resonance structures. 


TA 
0 Pian 


OO 0 a 0. 


In the gas phase, sulfur trioxide is a planar triangular molecule with three 
equivalent sulfur-oxygen bonds, as Fig. 15.13 illustrates. This geometry is to 
be expected, for SO3 is isoelectronic in its valence shell with BI'3, NO3, and 
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CO3, which are all planar symmetrical species. The bonding in SO3 can be 
represented by the structures shown below. 


ao): Oe OG 

5 S S 
mS. aN. ae 
io (0. CMO: Coe Oe 


Sulfur forms a very large number of oxyacids and oxyanions. Most important 
of these is sulfuric acid, H2SO4, which is produced by hydration of SO3 in the 
following two-step process: 


SO03(g) + H2S04(1) = H2S207(1), 

H.S207(I) + HO — 2H»SO,4(I). 
The direct reaction of SO3 with water produces a fog which is difficult to con- 
dense, and consequently the commercial proccss involves dissolving SO3 in 


sulfuric acid to form pyrosulfurie acid, H2S207, and subsequent dilution with 
water to form sulfuric acid. 


O 





S 


a em Structure of a gaseous SO; molecule. 


O 120° O 
Pure sulfuric acid is a viscous liquid that freezes at 10°C. It is a conductor 
of electricity because it is slightly dissociated according to 
LEESO) — ses Ope ase 


The acid has a great affinity for water and forms several stable hydrates. In 
some of its chemical reactions as well, sulfuric acid removes the elements of 
water from compounds: 


HCOOH + H.SO,4 = CO(g) + H30* + HSO;7, 
HNO, + 2H.SO, = H,0* + 2HSO; + NOF. 


Hot concentrated sulfuric acid is an oxidizing agent, and will dissolve metals 
like copper, 


Ci 5H.SO, — Cu’ + SO. + 4HSO, + 2H,0°. 


15.2 THE ELEMENTS OF GROUP VIA 


FIG. 15.13 


663 


664 


In dilute solutions, however, the oxidizing properties associated with the sulfate 
group are virtually negligible. 

Mlectrolysis of cold concentrated sulfuric acid solutions produces peroxy- 
disulfurie acid, HySyOx. As its name suggests, this molecule contains an 
oxygen-oxygen bond, 


() () 


| | 
eee opeos EC) 
| | 


() O 


Peroxydisulfuric acid is an extremely powerful oxidizing agent: 
S204 + ZITD ae = 2HBSO,, &° = 2.01 volts. 


Although direct oxidations by peroxydisulfate ions are slow, they are catalyzed 
by silver ions and this combination of reagents provides one of the most effective 
means available for converting soluble species to their highest oxidation states. 

The addition of SO, to water produces a solution whose mild acidity is often 
attributed to ionization of sulfurous acid, HW eSO,3. However, sulfurous acid has 
never been isolated as a pure compound, and there is no evidenee that the 
molecule [y50y exists at all. The ionization of “sulfurous acid” might better 
be written 


SOv(iq) + H.O0 = HSO; -+ Hs, K = 1.3 x 107%, 
HSO; = Ht + 50;, K = 5.6 x 1078. 


There is no doubt that both the bisulfite ion, S03, and the sulfite ion, SO3, 
exist, for salts of both are well known. Acidic solutions of SO, are mild reducing 
agents, and basic sulfite solutions are somewhat stronger reductants, for we 
have 


SOT -b 4% + 2e7 = SO2(aq) -+ 2H,0, S— O12 
SO, -- H2O -+- 2e7 = SOF -- 20H, 6° = —0.93 volt. 


Solutions of the sulfite ion react with elemental sulfur to form the thiosulfate 
IO, DyO4, aecording to 


5(s) -- SO; = S,O,. 
The ion 8,03 is called the thiosulfate ion beeause the prefix thio indicates that 
w sulfur atom has been substituted for an oxygeu atom in the parent species. 


The relation between the structures of the sulfate and the thiosulfate ions is 
shown dn Tig. 15.14, 
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In neidie solutions, the thiosulfate ion decomposes to sulfur wad sulfite tou, 
Consequently, no sueh species as Chiosulfuric neid ean be isolated. Ta mildly 
acidic, neutral, or basie solutions, however, the thiosulfate ion is stable, and 
undergoes (Wo intportant renetions. Tt wets as amid reducing agent and forms 
the tetrathtonate ton, S40, : 


25,07 ma S,Og + 2e7, ae 0.08 volt. 


Thiosulfate ion will reduce iodine to iodide jou, and this reaction ts used exten- 
sively in Quantitative auntysis. The general procedure ts to allow an oxidizing 
agent whose concentration is to be determined to reaet with excess iodide ton 
to produce Tg. The iodine is then titrated with a solution of S,Og of known 
concentration, and the amount of unknown oxidant calculated, 

The thiosulfate ton ulso forms stable complexes with some metal ions. Ia 
particular, the silver-thiosulfate complex ton is very stable, 4s is shown by 


Ag! 4 25,07 © [Ag(S205)2]7", Kw 1.6% 10". 


Solutions of throsulfate ion cun dissolve the otherwise insoluble silver Inlides, 
and are used as fixing agents in the photographic process. 

The folowing reduction-potential diagrams summarize the properties of some 
of the nqueous sulfur species. For acidic solutions we have 


so 0,17 SO, ee ee gg 0.14 HS. 


0.6) a= 0,08 
5406 








It is clear that the sulfate ion is a poor oxidizing agent in 1 AL HY. Aqueous 
sulfur dioxide ts nw woderately good oxidizing agent, but cau be oxidized rather 
easily to sulfate iow. Thiosulfate iow is eastly oxidized to tetrathionnte, S,0¢, 
but strouger oxidizing agents are required to convert SgO45 to SOg. Thiosulfate 
is uustable with respeet Lo disproportionmtion to sulfur and sulfur dioxide, In 
acidic solutions, liydrogen sulfide ts a mild reducing ngent, 
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The reduction-potential diagram for basic solutions is the following. 


- 


= —{.98 = —0.58 = — 0.74 — Q),! l — 
SO; 0 ee ee a 
| —~ 0.59 | 








It is clear that sulfate, sulfite, and thiosulfate ions are all very poor oxidants in 
basic solutions, and in fact SO3; and SOQ; are easily oxidized in basic solutions. 
Sulfide ion is a redueing agent in basie solutions, and S2O03 is no longer unstable 
with respect to disproportionation to sulfur and sulfite ion. 


Table 15.8 The halides of sulfur 





Fluorides Chlorides Bromide 
Melting Boiling Melting Boiling Melting Boiling 
point point point point point point 
(°C) (°C) (°C) (°C) (°C) (°C) 
SF4 —121 —-—40 S2Clo —80 138 S2Brea —46 90 
SF6 — 51 —65(sub) SClo —78 decomp 
S2Fi0 — 55 29 SCl4 decomp 


Sulfur forms a number of binary compounds with fluorine, chlorine, and 
bromine, and these are listed in Table 15.8. The halide of most practical 
importance is sulfur hexafluoride, the prineipal product of the direct reaction 
between sulfur and fluorine. Sulfur hexafluoride is a thermally stable, extremely 
inert gas which has great resistance to eleetrical breakdown. It is used, there- 
fore, aS a gaseous insulator in high-voltage generators and other devices. As 
was discussed in Section 11.5, the six fluorine atoms in SI*g are at the corners 
of a regular octahedron, with the sulfur atom at the center. Because there are 
six pairs of electrons around the sulfur atom, the description of the bonding 
in SF's in terms of atomic orbitals involves the 3d- as well as the 3s- and 3p- 
orbitals of sulfur. Beeause of its regular octahedral geometry, with six equivalent 
sulfur—fluorine bonds, SI’ is said to exhibit sp? d? hybrid bonding. The sulfur- 
fluorine bond in SI", is not partieularly strong: D(SF;—Il) = 86 + 3 keal. 
Consequently, the inert nature of SF, is attributed not to its thermodynamic 
stability alone, but also to the faet that its reactions with other reagents are 
exceedingly slow. 

The other well-characterized fluorides of sulfur are SI°, and Sel"j9. Their 
structures are given in Tig. 15.15. Disulfur decafluoride, S21I°1o, is a rather un- 
reactive compound like sulfur hexafluoride. In contrast, SI'4 1s extremely 
reactive and is rapidly hydrolyzed by water to SO», and HI’. It is used as a 
fluorinating agent for organie eompounds. As was discussed in Section 11.5, 
SI, is related structurally to PCls, for both have a central atom surrounded 
by five eleetron pairs. The PCl; molecule has the trigonal bipyramid structure, 
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The structures of (a) SF4 and FIG. 15.15 
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and the geometry of SI, can be pictured as a distorted trigonal bipyramid with 
a pair of nonbonded electrons occupying one of the equatorial positions. 


Selenium and Tellurium 


These elements are quite rare and are recovered as byproducts from sulfur ores. 
Selenium is a poor conductor of electricity in the dark, but its conductivity 
increases when it is illuminated. Consequently, it is used in photoconductive 
cells to measure light intensity. Selenium is also used as a component of rectifiers 
for converting alternating to direct current. Tellurium also is used in certain 
electronic and light-sensitive devices. 

The chemistry of selentum and tellurtum resembles that of sulfur, and the 
differences that exist usually are associated with the metallic character that 
increases With atomic number. Selenides and tellurides of the metals are analo- 
gous to the sulfides, but are somewhat more covalcnt in nature because the 
ions Se” and Te~ are larger and more polarizable than S~. The hydrides H2S, 
HoSe, and HeTe are all offensive, poisonous gases of moderate solubility in 
water. As was discussed in Section 13.4, HeSe and HeTe are thermodynamically 
unstable with respect to their elements, as is characteristic of the hydrides of 
the heavier elements of groups IV, V, and VI. The strength of the hydrides as 
acids increases in the sequence from HS to H2Te, as the following equilibrium 
constants show: 


H.S = H*+HS-, K = 1.1 x 107, 
H.Se = Ht + HSe", K = 2~x 107%, 
HeTe = HT+HTe, £=K = 2.3 xX 107°. 
A similar trend in the acidities of the hydrides will be found in group VII. 
The oxides SeO, and TeO:s are both rather different physically from SOs. 


Both SeO, and TeQOzg are solids at room temperature, and the structure of 
TeOs suggests that it is au 1onie lattice. Selenium dioxide has an infinite chain 
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FIG. 15.16 


structure of the type shown in lig. 15.16. It dissolves in water to give acidic 
solutions, and the compound H.SeOg has been prepared pure and its structure 
studied. In contrast, TeO2 is quite insoluble in water and no such species as 
H.TeOs has ever been isolated. Treatment of TeOQ, with strong bases, however, 
does give solutions that contain the tellurite ion, TeO;. 
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A segment of the infinite chain of SeOo. 


Oxidation of selenites gives selenates, the salts of selenite acid, H2SeQq. 
Selenic acid is rather similar in acid strength to sulfurie aerd, but 1s a much 
stronger oxidizing agent, as 1s shown by the potential for 


SeO, + 4H* + 2c~ = H.SeO, + HO, &° = 1.15 volts. 


The -+6 oxyacid of tellurium is quite different from those of sulfur and sele- 
nium. The formula of telluric acid is Te(QH).,, and x-ray crystal structure 
studies show that the OH groups are at the corners of a regular octahedron with 
the tellurium atom at the center. Besides being structurally different from 
H.SO, and H2SeO,4, Te(OH).6 is a weak acid, with a first ionization constant 
of about 107%. 
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The elements fluorine, chlorine, bromine, and todine are reactive nonmetals 
that are always found m nature in the combined state. Although these halogens 
resemble each other chemically, there is a noticeable gradation of properties in 
the family. Tluorine is the most electronegative of the elements and displays 
only the oxidation state of —1. Chlorine, bromme, and iodine are also electro- 
negative elements, but form compounds m which they are assigned positive as 
well as negative oxidation states. While all the halogens are oxidizing agents, 
their strength as oxidants decreases as the atomic number increases. [ach of 
the halogens exists as discrete molecules in the solid, quid, and gas phases, 
but the volatility of the elements markedly decreases as the atomic number 
increases. The variations in other properties such as ronization energy, electron 
affinity, and ionic size are evident from the data given m Table 15.9. 

I‘luorine and chlorine are the two most abundant halogens. Fluorine occurs 
principally as fluorspar, Cal’s, and cryolite, NagAlJ*s. Because it Is such a 


THE NONMETALLIC ELEMENTS | 15.3 





Table 15.9 Properties of the group VIIA elements 





F Cl Br | 
Atomic number 9 L7 35 oe 
Configuration 2s°2p”  3s73p” 4s24p® 5525p 
lonization energy, kcal 402 300 273 241 
Atomic radius, A O72 0.99 1.14 1233 
Melting point, °K 54 Lee 266 387 
Boiling point, °K 85 239 331 455 
AH (atom), kcal 18.6 29.01 26.71 25.48 
Electron affinity, kcal 79.5 35.0 ORS: JOD 
lonic radius, X-,A L338 1.81 1.96 2.19 
AHnya, X~, keal 123 89 81 Te 


powerful oxidizing agent, fluorine 1s prepared commercially by cleetrolysis. 
Kither fused potassium hydrogen fluoride, KH Fs, or a solution of IKHI]*> in 
liquid hydrogen fluoride is electrolyzed to produce I'g at the anode and Hy at 
the cathode. 

Chlorine also is prepared by electrolysis. The process is 


Na™ (aq) + Cl7(aq) + H2O = 3Clo(g) + 4H2(g) + Nat(aq) + OH7(aq) 


and the hydrogen gas and the sodium hydroxide solution are useful byproducts 
of the reaction. Chlorine is a very strong inexpensive oxidizing agent, and 
consequently it has many industrial uses. One of these is the oxidation of 
bromide ion in sea water to bromine, 


Clo + 2b = Bro == 20 


While fluorine, chlorine, and bromine are found in the —1 oxidation state im 
nature and must be oxidized to the clemental state, iodine is obtained mainly 
by reduction of naturally occurring liodates. The bisulfite ion is a convenient 
reductant, and the reaction employed is 


2105 (aq) + SHSOFZ (aq) = 3HSO7F (aq) + 2807 (aq) + HO 4+ Ia(s). 


The fifth member of the halogen family, astatine, 1s not found m nature. 
All its isotopes are radioactive, and the most stable, At?!°, has a half-life of 
only 8.3 hours. As a result, the chemistry of astatine has been studicd qualita- 
tively, and few quantitative data on astatine are available. 


Most metallic elements react direetly with the halogens to form compounds 
that are thermodynamically very stable. If the metal atom is relatively large 
and has an oxidation state of +1 or +2, the bonding in the halide is ionic, while 
for the higher oxidation states of the smaller metallic and seminetallic atoms 
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the bonding in the halides tends toward a covalent nature. To see what factors 
determine the stability of the ionic halides, let us examine the energetics of 
formation of a metal halide of formula ALX. The overall reaction Is 


M(s) + $Xo(g) = MX(s), AH = AIFP(ALX). 


This can be written as the sum of the following processes: 


NT ei ea AH sup, 
AY (9 AY (9 Ds a 
5Xo(g) = X(g), gD(Xo), 
ec” + X(g) = X(g), A(X), 
X~(g) + M(g) = MX(s), AH crys. 


Thus the enthalpy of formation of the metal halide ts determined by the en- 
thalpies associated with sublimation and ionization of the metal, dissocration 
of the halogen molecule and electron attachment to the halogen atom, and 
formation of the ionic erystal lattice. The ionic halides as a class of compounds 
are very stable because the halogen molecules have relatively small bond 
energies and verv large electron affinities. Iluorine has the smallest dissociation 
energy of all the halogens, and because I~ ts the smallest of the halides, fluorides 
have the most stable crystal lattrees. Consequently, the ionic fluorides are 
particularly stable compounds. The relative mstability of the rodides must be 
a consequence of the large stze of the iodide ion and the resulting small lattice 
energies of 1oni¢ 10dides. 

In addition to the simple monatomic halide ions, polyhalide ions are known. 
When iodine is added to an aqueous solution of iodide ton, the tri-lodide ton, 
I; is formed. The ion is of moderate stability in aqueous solution as the equiltb- 
rium constant for its dissociation 


Is (aq) = I~(aq) + Ie(aq), 9 K= 1.8 x 107°, 


suggcsts. 

The corresponding dissociation constants for Brg and Cl3 are 6 X 10% 
and 5.5, respectively, so these ions are less stable than I3. Direct action of the 
halogens on the halides of the larger alkali metals can produce more complicated 
polyhalides such as KI;CsICl4, and KBrF 4. 

The halogens react direetly with many of the nonmetallic elements to form 
compounds that mm general consist of small covalently bonded molecules. To 
see what factors determime the stability of such compounds, let us examine the 
energetics of formation of a halide of a nonmetal. As a speerfic example, con- 
sider the formation of the gaseous phosphorus trihalides, PX3: 


4P4(s) + $X0(g) = PXa(g), AH = ALIP(PXs). 
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Table 15.10 Bond energies of halides (kcal/mole) 


B—F 154 B—Cl 109 - - - - 
C—F 116 C—Cl 81 C—Br 68 C—I 52 
N—F 65 N—Cl 46 - - - - 
O—F 45 O—Cl 45 O—Br 48 - - 
Si—F 135 Si—Cl ol Si—Br 74 si—l 56 
P—F 117 P—Cl 78 P—Br 63 P—I 44 
o—F 68 s—Cl 61 S—Br 52 - - 


This overall reaction can be broken into the following steps: 


4P4(s) —~ ee) ray 6 er 
3Xo(g) = 3X(g), $D(Xo), 
P(g) + 3X(g) = PX3(g), —3D(P—X). 


Thus the enthalpy of formation of the phosphorus trihalides, or any halide, is 
the difference between the energy required to convert the elements to atoms and 
the total bond energy of the compound. The relative stabilities of the gaseous 
halides of phosphorus depend on the strength of the P—X bonds relative to 
the strength of the bonds in the X» molecules, and an analogous conclusion 
holds for other nonmetals. The order of the dissociation energies of the gaseous 
halogen molecules is D(I*'9) S Die) < D(Bre) < D(Cle), and 7zf all other 
factors were the same for al] halogens, this would be the order of decreasing 
stability of the halogen compounds. The energies of the bonds formed by the 
different halogens vary considerably, as Table 15.10 shows. It is clear that 
with a given element, fluorine forms bonds that are substantially stronger than 
those formed by chlorine, and chlorine forms bonds that are stronger than those 
made by bromine and iodine. As a result of both the small dissociation energy 
of fluorine and the very strong bonds it forms with nonmetals, the fluorides are 
in general the most energetically stable of the nonmetallic halides. even though 
chlorine has the largest dissociation energy of the halogen molecules, the bonds 
it forms with other elements are strong enough to make the nonmetallic chlo- 
rides second to the fluorides in energetic stability. Despite the small bond 
energy of Io, the iodides are generally the least stable of the halides because 
iodine forms only very weak bonds with the nonmetals. 


The Hydrogen Halides 


The hydrogen halides can be prepared by the action of a nonvolatile non- 
oxidizing acid on a soluble halide, as in 


NaBr + H3P0O,4 = HBr(g) + NaHoPO,. 


The hydrogei halides exist as gaseous diatomic molecules under ordinary con- 
ditions, and like the other nonmetallic halides, they decrease in thermodynamic 


15.3 THE ELEMENTS OF GROUP VIIA 


671 


FIG. 15.17 


672 


Table 15.11 Properties of hydrogen halides 





HF HCI HBr HI 
Melting point, °C —83.1 —114.8  -—86.9  —50.7 
Boiling point, °C 195 — 84.9 -—66.8 —35.4 
AHvap, kcal 724 3.85 Ay Aj 
AH?, kcal —64.2 — 22.06 — 8.66 6.20 
AG/, kcal —64.7. — 22.77 —12.72 0.31 


stability as the atomic number of the halogen increases. Some of the properties 
of these compounds are listed in Table 15.11. 

The electrical conductivity of pure liquid HI is rather small, but does in- 
dicate that a small amount of self-ionization occurs according to 


9HF = HoFtT+F7, %&F-+ HF = HF. 


The other pure liquid hydrogen halides show very little if any self-ionization. 
In aqueous solutions, however, the hydrogen halides are good electrical con- 
ductors. Hydrogen fluoride is a fairly weak acid, as is shown by 


HF+H,O=H,0tT+F-, kK, =72x107, 
F- + HF = HFIy, Ky = 5.1. 


The other hydrogen halides are strong acids, and are almost totally dissociated 
in water. When HCl, HBr, and HI are dissolved in solvents that are poorer 
proton acceptors than water, they are not as extensively dissociated to ions. 
In fact, under these conditions it is possible to determine that the strength of 
the hydrogen halides as acids increases in the sequence HCl, HBr, and HI. 





AH 2 
HX(g) : H(g) + X(g) 
AH, pe" 
Thermodynamic cycle for the dis- AH Ht(g) X7(g) 
sociation of a halogen acid HX. 
AH. AHs 


EXC) ee Ht(aq) + X (agp 


To see what factors determine the acid strength of the hydrogen halides, let 
us examine the thermodynamic cycle shown in Fig. 15.17. It is evident that the 
enthalpy of dissociation of the HX molecules is given by 


Ae ee Aoi g | Ai 4 + All, Allg, 
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Table 15.12 Enthalpies associated with the 
dissociation of the halogen acids (kcal/mole) 


Acid AH, AH2(D) AH3() AH4(—A) AH5 + AHG  AHaiss 


HF eS 134.6 215 SS —381.9 — 1 
HCI 4.2 fO3\2 al —83.5 —348.8 —10 
HBr 6.0 B76 sulle 7S —340.7 —1l1 
HI She, 71.4 S5 —70.5 —330.3 — 9 


where 


AH, = AHgenya(HX), AHg = D(HX), AH; = 1(H), 
Wig —A(X), AH;+ AH, = AHzya(H* + X7). 


The measured values of these quantities are given in Table 15.12, together with 
the computed value of AHai,,(7HX). Because AH q;,,(HI*) is less negative than 
the enthalpies of dissociation of the other hydrogen halides, we are not surprised 
to find that HIF is a weaker acid than any of the other hydrogen halides. The 
enthalpy of dissociation is not the only factor that determines acid strength, 
however. The entropy changes for the dissociation reaction have also been 
estimated and are given in Table 15.13. The data show that HF is the weakest 
of the acids not only because its dissociation is the least favored energetically, 
but also because the entropy change that accompanies its dissociation is the 
most negative. The relative importance of entropy and enthalpy effects can 
be assessed by comparing AH gis, with 7’ ASgiss. The data in Table 15.13 show 
that while the values of AH gis, set the general trend of the acidities of the 
hydrogen halides, entropy effects are important and in fact are what make HI 
a slightly stronger acid than HCl. 


Table 15.13 Thermodynamics of dissociation of halogen acids 


AHaiss ASdiss —f AS AGadiss 
Acid (kcal) (cal/deg) (kcal) (kcal) 
Alle — 1 —21 6.3 5 
HCl —10 —13 3.9 —6 
HBr —11 — 9 Lal —8 


HI —9 — 3 Ong: —8 


The Halogen Oxides 


The known halogen oxides are listed in Table 15.14. These compounds are 
characteristically unstable reactive substances that exist as discrete small mole- 
eules in al] phases. At room temperature they exist as gases or volatile liquids, 
with the exception of I,Os5, a solid. 
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Table 15.14 The halogen oxides 


Fluorine Chlorine Bromine lodine 
FoO Cl20 Br20 1204 
F909 ClO2g BrOg 1405 

Cl204 BrO3 1205 
Clo06 Br207(?) 1207 
Cl207 


The compound I',0 is the only halogen oxide that is thermodynamically 
stable with respect to its elements. Its stability is shght, however, and it reacts 
readily with a variety of reducing agents. For example, when dissolved in 
water, it produces oxygen slowly according to the reaction 


F.00 + H20 = 02+ 2HF. 


The chlorine oxides are all small covalently bonded molecules that are rather 
unstable highly reactive oxidizing agents. Chlorine monoxide, ClO, is prepared 
by the reaction 

2Cl. + 2HgO = HgCl.- HgO + Cl,O 


and upon heating, explodes spontaneously to give Clg and Og. Chlorine dioxide 
can be synthesized by the reaction 


ACOs = On == VOOM =O, 


Chlorine dioxide is also spontaneously explosive, but is safe if treated carefully, 
and is in fact used commercially as an oxidizing agent. 

Dichlorine tetroxide is not a dimer of chloride dioxide, but rather has the 
atomic arrangement ClOCIO3, which corresponds to chlorine perchlorate. It is 
stable for only short periods at room temperature. 

Chlorine hexoxide, CleOg¢, is formed when ozone reacts with ClOg, 


2C10O% + 2032 = CloO¢ + 200. 


Chlorine hexoxide is unstable and reacts explosively with organic compounds. 
The +7 oxide of chlorine, ClgO7, is a volatile liquid obtained by dehydrating 
perchloric acid, 

P4010 


2HCIO, —> Cl,07. 


Even though it is the most stable of the chlorine oxides, it explodes when it is 
heated or subjected to mechanical shock. 

The bromine oxides are not at all well characterized chemically or physically. 
Of the oxides of iodine, only I20;5 has been investigated extensively. It is the 
dehydration product of HIOs3, iodic acid, for at 200°C the reaction 


2HIOs oe 1,05 + H»,O 
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oeeurs. Iodine pentoxide is a stable compound and reacts in a eontrolled manner 
with a number of redueing agents. The most important of its reactions is the 
oxidation of earbon monoxide, 


I,O0; + 5CO = To + 5CO>s. 


This reaetion 1s quantitative, and a determination of the iodine formed allows 
a quantitative analysis for CO to be made. 


The Halogen Oxyacids 


The known oxyaeids of the halogens are listed in Table 15.15. The hypohalous 
aeids HOX, except HOF, are formed by the disproportionation of the halogens 
in aqueous solution, 

X2(aq) =f H,O = HT +X” + HON. 


The values of the equilibrium eonstant of this reaetion for the various halogens 
fuaeia 4.2 X 10°; Bro, 7.2 x 107°: and Is, 2.0 10-13. From these 
equilibrium eonstants, it ean be deduced that in a saturated solution of ehlorine, 
the coneentration of HOC! is about half the eoneentration of chlorine, while 
only about 0.5% of a saturated solution of J. is hydrolyzed to HOI. One method 
of produeing the hypohalous acids in greater yicld is to pass the halogen into 
an aqueous suspension of mereurie oxide, 


2X5 + 2HgO+ H.O = HgeO- HgeX, + 2HOX. 


The hypohalous aeids are all very weak acids, for their dissoeiation eonstants 
meeeoC), 2 >< 10°; HOBr, 2 x 10-®; HOI, 1 x 107'!. They are also 
rather unstable, and have never been isolated as pure compounds. The com- 
pound HOF is made by passing F2 over ice and eolleeting the produet in a cold 
trap. It reaets rapidly with water to produce oxygen and is thermally unstable, 
deeomposing with a half-life of less than an hour at 25°C. 


Table 15.15 Oxyacids of the halogens 


Fluorine Chlorine Bromine lodine 
HOF HOCI HOBr HOI 
HCIOe HBrOo(?) - 
HCIO3 HBrO3 HIO3 
HCIO4 HI0O4, H510¢6 


The only known oxyaeid in whieh a halogen appears in the +3 oxidation state 
is chlorous acid, HClO». Salts of ehlorous aeid ean be made by the reaetion of 
! ClO» with peroxides, 


Nao + 2Cl0 > = 2NaClOo + Oo. 
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Acidification of solutions of chlorites yields HClOz, which is a moderately 
strong acid with a dissociation constant of 107°. 

The acids HXO3 and their salts arc known for all the halogens except fluorine. 
Solutions of chlorates, bromates, and iodates can be obtained by the dispropor- 
tionation of hypohalides in basic solution, 3XO7 = 2X” + X03. This 
reaction is quantitative for all three heavicr halogens. It proceeds rapidly at 
room temperature for iodine, and at a temperature of 75°C for chlorine and 
bromine. 

All the halic acids are strong acids, and are essentially totally dissociated m 
aqueous solution. Chloric and bromic acids have never been tsolated as pure 
compounds, but iodie acid, HIO3, appears as white crystals when iodine 1s 
oxidized by concentrated nitric acid. The acids and their anions are strong 
oxidizing agents, and chloric acid in particular reacts violently with organic 
compounds. 

The oxyacids of the halogens in the -+7 oxidation state are perchloric, per- 
bromic, and periodic acids. Perchlorates are prepared by the electrolytic oxtda- 
tion of chlorates, and when a perchlorate salt is heated with concentrated H2S0O4, 
perchloric acid distills from the mixture. Perchloric acid is totally dissociated 
to ions in aqueous solution, and is probably the strongest acid known. Thus 
the oxyacids of the halogens of the type HOXO, show a steadily increasing 
acid strength as 7 increases from 0 to 3. This trend of inercasing acidity with 
increasing oxidation state of the central atom has been noted previously for 
other elements. 

Perchloric acid is a very strong oxidizing agent and reacts explosively with 
organic compounds. In dilute aqucous solutions at room temperature, pcer- 
chloric acid tends to be rather unreactive, for despite its very great oxidizing 
strength, its reactions with inorganic compounds are very slow. Because the 
perchlorate ion is a large ion with a small charge, it does not tend to form 
complexes with cations, and its salts are, in general, quite soluble in water. 
Consequently, perchlorate salts are often uscd when studies of the propertics 
of cations in aqucous solutions are made. 

Perbromates have been unknown until fairly recently. They can be syn- 
thesized by the reaction of XeF, or F, on bromates: 


BrO3 + XeF. + H2O = BrO; + 2HF + Xe, 
BrO; + Fo+ 20H = BrO; + 2F- + HO. 


Despite their elusive nature, perbromates are stable both in aqueous solution 
and as solid alkali salts such as IX BrO 4. 

Periodic acid exists in several forms. In strongly acidic solutions the most 
important species is paraperiodic acid, HsIOg, a weak acid in which a central 
iodine atom is surrounded by five OH groups and an oxygen atom, all located 
at the corners of an octahedron. Paraperiodic acid is in equilibrium in aqucous 
solution with the anion H,1O0g_, and with the mctapcriodate ion IO]. Solutions 
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of periodic acid are strong oxidizing agents that react smoothly and rapidly with 
a number of reagents. In one of the standard procedures for the analysis of 
manganese, perlodic acid is used to oxidize manganous ion to permanganate. 

Chlorine, bromine, and iodine each have extensive solution chemistry and it 
is helpful to summarize their properties with reduction-potential diagrams. 
The following diagrams apply to chlorine species in acidic and basic solutions, 
respectively. 

















C1Oz 1.19 ClO= ea HClO; 1.64 HOC] 1.63 Gls 1,36 ‘Sil 


1.47 


0.40 


es lO. C10), | c- 


0.50 0.89 





It is clear that in both acidic and basic solutions, all chlorine species except Cl7 
are strong oxidants. Hypochlorous and chlorous acids react rather rapidly to 
oxidize a variety of reagents, but the reactions of chlorate and perchlorate ions 
with inorganic reagents are usually quite slow. There are two disproportionation 
reactions that are of importance in alkaline solutions: 


Cl, + 20H~ = Cl- + ClO-+ H.0, As® = 0.96 volt, 
selOm— ClOx — 2Cl , oe 030 voli 


The first of these reactions 1s used to prepare hypochlorites, and the second is 
used to synthesize chlorates. 

The reduction-potential diagrams for bromine in acidic and basic solution, 
respectively, are as follows. 


1.52 


BLOT 1.49 Hiaike 1.59 Bh, UR Olé eae 


0.61 


=. a 
BLOn 054 p.Q——045 ein 1.07_p.— 


0.71 











All species except Br7 are strong oxidizing agents. The potentials show that in 
basic solutions, bromine can disproportionate spontaneously to BrO™ and Br7. 
Since BrO7 itself can disproportionate to Br~ and BrO3;, these ions are the 
eventual products found in alkaline solutions of bromine. In acidic solutions, 
however, bromine does not disproportionate, and in fact the reaction 


BrO; -+- 5Br~ + GHt+ = 3Br. + 3H,0, A&° = 0.45 volt, 


proceeds spontaneously from left to nght. 
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All oxidation states of iodine except the —1 state have strong or moderately 
strong oxidizing properties, as the following reduction-potential diagrams show. 


H;I0¢ PS 105 1.14 HOI 1.45 IG 0.53 T= 


1.20 














lL kas 0.7 IO; 0.14 10= 0.45 Te 0.53 i 


0.29 


Like chlorine and bromine, iodine is stable with respect to disproportionation 
to the +1 and —1 states in acidic solution, but does disproportionate in alkaline 
solutions. Both hypoiodous acid and hypoiodite anion are unstable with respect 
to self-oxidation and reduction: 

5HOI = 21, +10, + H = 2H50) Ae = 03 aie 

3IO— = 21- + 10;, As® = 0.35 volt. 
In acidic and basic solutions, the iodate ion is stable by itself, but 1t does react 
quantitatively with I~ to produce iodine in acidic solutions: 


10; + 5I- + 6H* = 31,+3H.O, As° = 0.67 volt. 
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The known binary interhalogen compounds are listed in Table 15.16. The 
principal interest in these compounds lies in their molecular structure, although 
some practical use is made of BrF3 as a fluormating agent. 


Table 15.16 The inter- 
halogen compounds 


© Br | 
F Clr BrF 
CIF3 BrF3 
CIF 5 BrF 5 lF5 
1F 7 
Cl BrC! IC} 


Br {Br 


The geometry of ClI’3 is shown in Fig. 15.18. As we remarked in Section 
11.5, the structure of Cll’; is related to those of PCls and SI*4, for each of these 
molecules has a central atom that is surrounded by five pairs of valence elec- 
trons. Interelectron repulsion should be minimized if each electron pair is 
directed toward one of the corners of a trigonal bipyramid. In CllI*3, only the 
axial and one equatorial position of the bipyramid are occupied by fluorine 


THE NONMETALLIC ELEMENTS 13:3 











atoms. Thus we can regard the T-shape of Cl}3 as a slightly distorted frag- 
ment of a regular trigonal bipyramid. By analogy with CII’3 we expect Brk'3 
and ICl3 to be T-shaped molecules, and this is found experimentally. 


1.70 A 
87.5° 1.60 A 
Cl F 
87.5° The structure of CIF3. 
L.70A 
I° 


The molecules CIF;, BrFs; and IF 5 have respectively a central chlorine, 
bromine and iodine atom surrounded by six electron pairs, five of which are used 
to form bonds to fluorine atoms. The geometry of these molecules should be 
related to that of SF., which also has six electron pairs around a central atom. 
Figure 15.19 shows the structure of BrF'5. It can be rationalized by imagining 
the six electron pairs around the bromine atom directed toward the corners of an 
octahedron, with five of these corners occupied by fluorine atoms. If we assume, 
as we have done consistently, that the nonbonded pair of electrons occupies more 
space than bonding electron pairs, the departure of the geometry of Brl’s; from 
that of a regular octahedron is not surprising. The geometry of II’; is stmilar to 
that of BrI’s, for all five of the fluorine atoms lre on the same side of a plane that 
contains the iodine atom and which is perpendicular to the axis of symmetry 
of the molecule. 


The structure of BrF;. The bromine atom lies slightly below 
the plane of four of the fluorine atoms. 





There are several ions of the interhalogens whose structures fit the patterns 
established by the interhalogens and other halides of the nonmetals. The ions 
Iz, [Clz, IBrz, and BrICl~ are all linear and have a central iodine atom sur- 
rounded by five electron pairs. Their structures can be pictured as being re- 
lated to that of PCl;, with only two of the five electron pairs at the central 
atom being used to form bonds. These two bonding pairs are directed along 
the axis of a trigonal bipyramid, and the three nonbonding electron pairs are 
directed toward the equatorial corners of the bipyramid. 
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FIG. 15.20 


The structure of ICI4. “a ul 


va 


The ion IC], has the structure shown in Fig. 15.20. The iodine atom is at 
the center of the square formed by the four chlorine atoms, and apparently the 
two pairs of nonbonded electrons around the iodine atom are directed per- 
pendicular to the plane of the ion. Thus the six electron pairs around the iodine 
atom can be regarded as directed toward the corner of an octahedron, and the 
structure of IC], is related to that of SFs. The ion Bry, also has a planar 
structure, as would be expected by analogy with ICI, . 
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It has been known for a number of years that the noble-gas atoms form strong 
bonds to certain other atoms. For example, species such as He3, Ard. AvEuee 
and CH3Xe™ have been detected repeatedly as transient gaseous ions. The 
bond strength in some of these molecular ions is substantial. Dissociation of 
Het to He and Het requires 60 kcal/mole and separation of ArH* to Ar and 
H™ requires at least 93 keal/mole. Despite these large bond energies, such 
gaseous ions are only transient species, for if they acquire electrons, they 
dissociate immediately into atoms. The existence of these transient ions is 
important, however, for it shows that there is no mysterious property of the 
completed octet in the noble-gas atoms that absolutely prevents these atoms 
from being bonded to other species. Apparently strong electron acceptors, 
such as positive ions, can form strong bonds with the noble-gas atoms. This 
lesson was largely ignored by chemists before 1962. 

In 1962 N. Bartlett found that molecular oxygen forms a compound with 
PtF, that can be represented as OF PtFs. Because xenon has nearly the same 
ionization energy as oxygen, Bartlett decided to investigate the possibility of 
a reaction between xenon and PtI*s. A reaction between these reagents was 
observed, and did demonstrate that xenon is not a totally inert gas. This 
observation stimulated other investigations of the chemistry of xenon and the 
other noble gases. Several compounds of xenon and krypton with the strong 
electron acceptors fluorine and oxygen are now known. 

The most stable and best characterized of the noble-gas compounds are the 
xenon fluorides, oxyfluorides, and oxides. These are listed in Table 15.17 with 
some of the known thermochemical data. The xenon fluorides can be made in 
a variety of ways, and apparently the only requirement is that xenon be exposed 
to fluorine atoms. Xenon difluoride is usually formed first, and continued expo- 
sure of Xe, to fluorine atoms yields xenon tetrafluoride. Xenon hexafluoride 
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is formed by the reaction of Xel*, with a considerable excess of fluorine. These 
three binary fluorides of xenon have negative enthalpies of formation, and 
combination of these values of AH; with the dissociation energy of fluorine 


shows that the average xenon-fluorine bond energy in these compounds is 
30 + 3 kcal/mole. 


Table 15.17 Some compounds of xenon 


AHy Ar; 
Compound (kcal/mole) Compound (kcal/mole) 
XeF2 —30 XeFs —96 
XeF4 —69 XeOF4 = 
XeOF 2 ~ XeO3 96 


The oxygen compounds of xenon are obtained by hydrolysis of the fluorides. 
lor example, 
Xel’s + H2O = XeOF, + 2HI, 
Xel*, + 2H20 = XeOok, + 4HF, 
Xel’s + 3H2O = XeO3 + 6H. 


Of these compounds, XeOQ3 has been prepared in quantity and is fairly well 
characterized. Although it is easy to synthesize, it is violently explosive when 
dry. In aqueous solutions, however, it is well behaved, and as its large positive 
enthalpy of formation might suggest, it is a very powerful oxidizing agent. 
Because the only byproduct of its reduction is xenon gas, it does not introduce 
extra complicating chemical species into a reaction system when it is used as an 
oxidizing agent. Because of these features, it may be used considerably in the 
future as a general oxidizing agent. 

When solutions containing XeO3 are made alkaline with sodium hydroxide, 
disproportionation of XeQ3 occurs, xenon gas is evolved, and sodium perxenate, 
Na4gXeOg- 8H2O can be recovered from the solution. In acidic solutions, the 
perxenate anion decomposes slowly to XeO3 and oxygen. These acidic solutions 
of perxenate ion have strong oxidizing properties and can convert manganous 
ion to permanganate. Although standard reduction potentials are hard to 
determine for these systems, the following values have been obtained, which 
indicate clearly the powerful oxidizing properties of the xenon compounds: 


HiXeO, + 2Ht 4+ 2e7 = XeO34+ 3H.O, 8°= 2.36, 
XeO3 + 6Ht + 6e = Xe + 3H,0, 69°= 2.12, 
Meee 2H" -2e7 = Xe+ 2HFaq), 6°= 2.6V. 


The structures of the xenon compounds fit the patterns established by other 
isoelectronic species, so far as is known. lor example, Xel*g is isoelectronic in 
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the valence shell with I3,, IClg, and BrICl~, and like these ions, is linear and 
symmetrical. Xcnon tetrafluoride is isoelectronic with IC]; and Brk7, and is 
accordingly a symmetrical square planar molecule. Xenon trioxide is isoelec- 
tronic with the iodate ion IO3, and has the same trigonal pyramid structure. 
The XeO,¢ * ion has the six oxygen atoms at the corners of a regular octahedron, 
as might be expected by analogy with the molecules SF¢, SeFs, and TeF.. 
Xenon tetroxide, XeO,4, is a tetrahedral molecule, as might be expected from the 
fact that there are four pairs of electrons around the central xenon atom, and 
also from analogy with the isoelectronic tetrahedral periodate ion, IOq,. The 
structure of XeOF, is related to that of the isoelectronic molecule BrF'5. In 
XeOF,, the four fluorine atoms form the base, and the oxygen atom the apex, 
of a square pyramid. 

The structure of xenon hexafluoride is not known. This molecule has seven 
pairs of electrons around the central xenon atom, but certain theoretical argu- 
ments have Ied to the prediction that the molecule should have the shape of a 
regular octahedron, while others predict that Xelg should have a less sym- 
metrical structure. At the prescnt time, the experimental evidence tends to 
favor the latter conclusion, but the problem has not becn solved conclusively. 

Xenon difluoride can act as a fluoride ion donor, and as a result, forms a 
number of addition compounds with fluoride acceptors such as AsF 5 and SbF's. 
For example, 


2XeF, + Asks = (XeoF3)(AsF 5). 


The XeoF7 cation has the planar structure indicated in Fig. 15.21. 


9.14A 
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The structure of Xe,F?. a ae 
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Xenon hexafluoride can act as a fluoride ion donor, and forms such compounds 
as (XeFZ)(PtF¢). XelF also acts as a fluoride acceptor, and reacts with alkali 
metal fluorides to give heptafluoro-or octafluoro xenates: 


CsF + XeF, = CsXeFyz, 
2CsXeF7 = XekF’s + CsoXeF x. 


Thus the chemistry of the seemingly inert element xenon is in fact quite rich. 
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Although the nonmetallic elements display a wide range of chemical and physical 
properties, certain trends and regularities in their behavior are evident. In any 
given family, there is a trend toward metallic behavior as the atomic numbers of 
the clements increase. In any row of the periodic table the elements become less 
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metallic in nature as atomic numbers increase. All the nonmetals except the 
noble gases are electronegative and react with the active metals by accepting 
electrons to form negative ions. In addition, many of the nonmetals display a 
number of positive oxidation states, most commonly as oxides and oxyanions. 
These nonmetallic oxides are typically acidic in nature, and in general, the 
acidity 1s more marked, the higher the oxidation state of the nonmetal. 
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15.1 On the basis of van der Waals forces, and the electronic properties that deter- 
mine them, explain the trend in volatility among the halogen elements. 

15.2 Calculate the entropy of vaporization for each of the hydrogen halides. Do 
these values indicate that one of the hydrogen halides is markedly different from the 
others? What phenomenon could be responsible for this deviation? 

15.3. Solid iodine has a dark purple color, and the crystals have a lustrous appearance. 
In addition, solid iodine displays a small conductivity that increases with increasing 
temperature. Are these observations consistent with the position of iodine in the 
periodic table? Explain. 


15.4 Make an analysis of the energetics of the electrode reaction 

$Xo(g) + e~ = X~(aq) 
for Fo, Cle, and Bre, and suggest reasons why the strength of the halogens as oxidizing 
agents decreases in this sequence. 


15.5 What sequence of reactions could be used to synthesize (a) Na2SeO3 and 
(b) H2Se2Og from the elements? 
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15.6 Nitrous oxide reacts with sodium amide to give sodium azide and water, 
N20 + NaNHe = NaN3+ Ho20. 

By analogy with other triatomic molecules and ions, predict the structure of the azide 
ion, Nz. Similarly, predict the geometry of the cyanate 1on, OCN™, formed by the 
reaction 

(CN)oe+ 20H-~ = CN7~+ OCN7— + Ho20. 
15.7 We noted that NF3 is not at all basic, in contrast to ammonia, NH3. With this 
fact and its interpretation in mind, try to predict whether hydroxyl amine, HogNOH, 
is more or less basic than ammonia. 
15.8 Calculate the pH of 0.10 Jf NaeSOz. 
15.9 In the compound O2PtFs it has been suggested that the oxygen exists as Oxe 
By considering that bond distances in solids can be determined by x-ray methods, 
suggest an experiment that will help to decide whether the oxygen is present as O2 
or OF. 
15.10 How would you convert: (a) chlorine to KCIO3; (b) chlorine to HClO,; 
(c) chlorine to ClOg; (d) iodine to [205; (e) bromine to NaBrO3? 
15.11 Calculate the equilibrium constants for the following disproportionation re- 
actions: (a) ClO~ to ClOZ and Cl~; (b) Br, to BrOZ and Br7 in basie solution; and 
(c) Ig to IO and I~ in basie solution. 


15.12 Mercury is oxidized by NOe according to the reaction 
Hg(l) -- NOo(g) = NOtg) =- HgO%{s). 


In contrast, mercury is not attacked by N2O. Is this difference in reactivity a kinetic 
or thermodynamic effect? Explain. AG?(Hg0) = —13.99 keal. 


15.13 Complete and balance the following expressions. 
Cu-+ HesSOx,4 (hot, cone.) — NO2+ He0 (cold) — 


Zn + HNOg3 (dilute) — NO2+ He2O (hot) > 
Zn + HNO3 (cone.) > FG One 
Me+P- CagP2+ HeO —- 


15.14 What sequence of reactions leads to the synthesis of NeO, if the starting 
reagents are elements? 


15.15 The ion SOF has a pyramidal structure, and in SOT the oxygen atoms are at 
the corners of a tetrahedron with the sulfur atom at the center. What would you 
expect the structures of SOCleg and SOe2Cle to be? All the oxygen and chlorine atoms 
are bonded directly to sulfur. 


15.16 Consider the following cations to be present in 0.1-J/ aqueous solution: Fet7, 
Zn*+*, Mnt*, Pbtt, Which of the ions will be precipitated as sulfides if the solution 
is saturated with HS (0.1-)7) and the pH is maintained at (a) 0; (b) 2; (ce) 5. Solu- 
bility products: Pbs, 1 xX 107°?; ZnS, 4.5 x 10-24; FeS, 1X 10-19; Ning 0a 
15.17 When HeS is bubbled into nitric acid solutions, sulfur, NOz, NO, Ne, and 
NH; are formed. Write the four balanced reactions that describe this process. 
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CHAPTER 16 


THE TRANSITION METALS 


As was noted in Section 13.1, the transition elements occur between groups 
ITA and JIIA im the long form of the periodic table. In the first, second, and 
third transition series, respectively, the 3d-, 4d-, and 5d-electrons make their 
appearance. The third and fourth transition series also include, respectively, 
the lanthanides and the actinides, the “inner” transition elements; in each of 
these series an inner set of f-orbitals 1s filled. This chapter is concerned prin- 
cipally with the chemistry of the elements of the first transition series, but we 
shall also comment briefly about the properties of the other transition elements. 


16.1 GENERAL PROPERTIES OF THE ELEMENTS 


Before investigating the detailed chemistry of the individual elements, let us 
assess the general nature of the transition metals. All the transition elements 
are metals, and most of them have high melting points, high boiling points, 
and relatively large enthalpies of vaporization. The exceptional elements in 
this respect are those in group IIB: zine, cadmium, and mercury. These metals 
have relatively low melting points and are moderately volatile. The atoms of 
these elements have completely filled sets of valence d-orbitals and in this 
respect also are different from the rest of the transition clements. This observa- 
tion suggests that among the elements that have incompletely filled valence 
d-orbitals, the d-electrons are involved in the metallic bonding and contribute 
to the cohesion of the metallic crystal. 
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Virtually all the transition metals are good conductors of heat and electricity, 
and as was noted in Section 13.2, the elements copper, silver, and gold of 
group IB are particularly outstanding in these respeets. From the thermo- 
dynamic point of view, many of the transition metals, particularly those of the 
first transition series, are “active” metals. That is, their electrode potentials 
indicate that they should react spontaneously with 1-4/ H* to yield aqueous 
solutions of their ious. On the other hand, the rates at which many of these 
metals are attacked by oxidizing agents are very small, and despite their 
thermodynamic tendency to react, they appear to be rather inert. Moreover, 
some of the heavier transition metals, particularly palladium, platmum, and 
their close neighbors, react only with the strongest oxidizing agents. Thus while 
we shall find noticeable similarities between many of the transition metals, 
there is at the same time an enormous range of properties displayed by these 
elemeiits. 

The elements of the first transition series resemble each other in a number of 
ways. Some of the properties of these elements are summarized in Table 16.1. 
We see first that although there is a general decrease in the atomic radii of the 
elements as the atomic number increases, the radii of the elements from chro- 
mium through copper are very similar. The merease m the nuclear charge along 
the series tends to cause au electron cloud to contract, but the added 3d-electrons 
exert an opposing effect. Consequently, the general size of the atoms remains 
nearly constant and decreases only slowly in the transition series. 

Another indication that the effeets of increasing nuclear charge and addition 
of 3d-electrons tend to offset each other is found in the variation of the first 
ionization energy of the atoms. Table 16.1 shows that although the first toniza- 
tion energy, in general, 1ereases as the atomic number increases, the ionization 
energies of neighboring elements are verv nearly the same. A similar behavior 
is found for the secoud ionization energies, which for the most part inerease 
smoothly as the atomic number increases. The exceptions are chromium and 
copper; the second iomization energies of these elements are notably larger than 
those of their neighbors. A rationalization of this observation lies in a com- 
parisou of the electron configurations of the singly and doubly charged ions. 
The second ionization of chromium mvolves the removal of an electron from a 
half-filled set of 3d-orbitals, aud in the second ionization of copper, an electron 
is removed from a filled set of 3d-orbitals. The extra stability of a filled or half- 
filled set of equivalent orbitals has been encountered previously, for we have 
noted that the atoms of the nitrogen and noble-gas families have higher loniza- 
tion energies than do their neighbors. We shall see that the stability of the 
half-filled or filled set of d-orbitals is reflected in the chemistry of chromium 
and copper. 

The electronic configurations of the transition-metal atoms and ions illustrate 
an important point concerning the orbital energy-level scheme. Because the 
3d-orbitals of the neutral transition-metal atoms are filled only after the 4s- 
orbital is occupied, one might conclude that the 4s-orbital lies lower in energy 
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than the 3d-orbitals. The eleetron configurations of the 1ons show, however, 
that this is not always true. The configurations given in Table 16.1 indicate that 
the 4s-orbitals are vacant in the gaseous transition-metal ions. In other words, 
the 3d-orbitals are of lower energy than the 4s-orbital in the tons, even though 
the reverse is true in the neutral atoms. This phenomenon, discussed in more 
detail in Chapter 10, shows that there is no rigid pattern of orbital energies 
that holds for all atoms and ions. 

The ionic radii given in Table 16.1 follow the trend established by the atomic 
radu. |or ions of a given charge, the ionic radius deereases slowly as the atomic 
number increases. The radii of the doubly charged tons are all somewhat 
smaller than that of Cat, and thus we should expect to find the oxides of the 
transition elements similar to, but perhaps less baste and less soluble than CaQ. 
This is found to be true experimentally. In addition the magnitudes of the tonic 
radi suggest that the hydration energies of the --2 ions of the transition elements 
should be similar to but greater than that of Cat? (395 keal). Examimation of 
the hydration energies in Table 16.1 confirms this expectation. 

The radu of the +3 1lons of the transition elements are slightly larger than 
that of Gat? (0.60 A). Consequently we should expeet the hydration energies 
of the +3 transition-metal ions to be similar in magnitude to that of Gat? 
(1124 keal). Table 16.1 shows that this expeetation is realized. Similarly we 
night expect the +3 oxides of the transition metals to be similar to but slightly 
less acidic than Ga,Og. We shall see that this is m faet true. 

Icxamination of the standard eleetrode potentials given in Table 16.) shows 
that all metals of the first transition series, with the exception of eopper, should 
be oxidized by 1-A/ H*. While these transition metals are good reducing 
agents, they are not as strong as the metals of groups JIA and IIIA. If we 
recall from Section 14.1 how the enthalpies of vaporization, ionization, and 
hydration mfluence the performance of metals as reducing agents, we can 
understand why the transition metals are not as good reductants as the alkaline- 
earth metals are. The enthalpies of vaporization of all the transition metals are 
quite large, and it 1s this relatively great stability of the metallie lattices that 
makes the transition elements poorer reductants than magnestum or aluminum. 
The reason that copper is a particularly poor reduetant can be found by examin- 
ing the data i Table 16.1. The second tonization energy of copper is quite a 
bit larger than the corresponding quantity for the other transition clements, 
aud this factor makes the aqueous Cu*T ion relatively less stable and copper 
metal a poorer reduetant than the other transition metals. 

Although the electrode potentials mdicate that the metals of the first transi- 
tron series are relatively good reduetants under equilibrium conditions, the 
actual rate at which the metals react with oxidizing agents like hydrogen ion is 
sometimes immeasurably small. Several of the metals are protected from 
chemical attack by a thin impervious layer of inert oxide. Chromium provides 
the best example of this, for despite its electrode potential, it can be used as a 
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protective nonoxidizing metal, beeause it is coated with a noureaetive oxide, 
Cr,03. Thus while the transition metals cam behave as active reductants under 
the proper circumstances, in other situations they may appear to be essentially 
inert because of reaction rate effects. 


16.2 THE SCANDIUM FAMILY 


This group includes scandium, yttrium, Janthanum, and the lanthanides, the 
fourteen elements that follow lanthanum in the periodie table. Although 
scandium 1s not a particularly rare element, rather little is known about its 
chemistry. In a number of respeets seandium resembles aluminum. The metal 
reacts vigorously with water to liberate hydrogen as does alurninum, when it is 
freed of its oxide coatmg. The oxide ScgOg is insoluble in water as is Al,Oz, 
but because of the larger size of Set?, SegOg is busie rather than amphoteric 
like Al,O3. Like aluminum, seandium forms stable compounds only m_ the 
+3 oxidation state. 

Yttrium is very similar to scandium. It is an aetrve metal, as is shown by 


YT? + Be7 = Y, 6° = —2.37 volts. 


The oxide of yttrium, Y2Oz, is a white powder, insoluble in water but soluble 
m acids. In its compounds, yttrrum displays the +3 oxidation state exclusively. 

Lanthanum also displays only the +3 oxidation state and has an insoluble 
basic oxide and a negative standard reduction potentral: 


Lat? + 3e7 = La, 6° = —2.42 volts. 


The fourteen elements that follow lanthanum also display the +3 oxidation 
state and in this respeet resemble the members of group IIB. These lanthanide 
elements are listed in Table 16.2, together with their oxidation states and elee- 
tron configurations. The configurations and the oceurrence of oxidation states 
other than +3 for some of the elements suggest that there is some extra stability 
associated with a half-filled or completely filled set of 4f-orbitals. 

The values of the standard reduction potentials for the +3 ions of the Jan- 
thanides, given in Table 16.2, demonstrate the remarkable similarity of the 
chemistry of these elements. There is a smooth but rather slight trend toward 
less negative reduction potentials as the atomic numbers inerease. This trend 
is parallel to the Janthanide contraction, the deerease in joni¢ radii in this series 
that we discussed in Seetion 13.2. Beeause of the similarity between the Jan- 
thanides, they are difficult to separate, and many of the early investigations of 
their chemistry were made on mixtures of the clements. Particularly pure 
preparations of the lanthanide elements were made in the 1940’s with the aid 
of ion-exchange techniques, and now the properties of the individual pure 
elements and their compounds are well known. 
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Table 16.2 Some properties of the lanthanide elements 


Configurations 60 
Name | Symbol , ae | 5 aes Mt+3 4 3e-=M 
Lanthanum La 5d6s" | = [Xe] = = a2 
Cerium Ce 4f°6s? } = Af [Xe] —2.48 
Praseodymium Pr AF 6s? } = aie Af —2.47 
Neodymium Nd |W e4#es2 ) 4¢* | af 4f2 29a 
Promethium Pm | 4f56s? = Ate - —2.42 
Samarium Sm | Af’6s2 4f6 Ap? = —2.41 
Europium Fuss | «4f’6s? | 4f7 jf 47 - —2.41 
Gadolinium Gd | 4f75d6s2 | OS 4? : —2.40 
Terbium Ti | 4f96s2 | - 4f8 Af? —2.39 
Dysprosium Dy Af!°Gs2 - 4f9 478 —2.35 
Holmium Ho 4fil6s? | - apor = eee 
Erbium Er 4f!*6se5 Wi qfligy 6 - —2.30 
Thulium Tm Afis6s2  ( aflS t 4ft2 it - —2.28 
Ytterbium Yb At 36 s¢ Api ip 42a = —2.27 
Lutetium Lu | 4f'*Sdes* = Aris = —2.25 
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The atoms of titantum, zirconium, and hafnium have valence-electron con- 
figurations of the type (n — 1)d’ns*. Of the possible oxidation states, +-2 and 
+3 are observed only in the chemistry of titanrum and zirconium, while the 
+4 state is common to all the elements. The tendency of the lower oxidation 
states to be less important for the heavier elements In a group Is typical of the 
transition-metal families. 

The data in Table 16.3 show that all of the group IVB metals have high 
melting and boiling temperatures and large enthalpies of vaporization. Despite 
the stabilities of the metallic crystals themselves, the compounds of the elements 
are formed with the evolution of considerable energy. On the basis of thermo- 
dynamic properties alone, each of the metals would be considered to be very 
reactive. However, all three metals are protected from chemical attack by a 
thin transparent layer of oxide MOz and therefore are quite resistant to chemical 
attack at ordinary temperatures. 

It is difficult to prepare the pure titanrum, zirconium, and hafnium metals, 
for each element reacts readily with oxygen, nitrogen, and carbon at elevated 
temperatures. The commercial preparation of titanium involves conversion of 
the oxide T10, to the tetrachloride. The latter 1s a volatile compound that can 
be purified by distillation and then reduced with magnesium metal. Thus the 
process can be represented by 


On 1 Ce 
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Table 16.3 Properties of the group !VB elements 





al Zr Flt 
Atomic number 22 40 72 
Configuration 3d°4s* | 4d75s7 | (4f}4) 
5d°6s* 
Atomic radius, A iesZ 1.45 1.44 
Melting point, °K 1950 aA2S 2495 
Boiling point, °K S550 4700 5500 
AH, (atom), kcal bila, 146 168 
lonization energy, kcal Sx: 158 160 
lonic radius, M*+4, A 0.68 0.74 0.75 
AH? (MOz2), kcal —218| —258} —271 
AH? (MF4), kcal 1) =-376)|)| —a45 - 
AH? (MCI), keal —179| —230' - 


In the laboratory, small amounts of the very pure metals of group IVB ean be 
prepared by the thermal decomposition of the volatile tetraiodides MI, on a 
very hot wire. The reaetion for titanium is simply 


Tils(g) — Ti(s) + 2I2(g). 


There is no partieularly strong resemblance between the metals of groups 
IVA and IVB. The important oxidation state of tin and partieularly lead is 
+2, not +4, while the reverse is true in the titanium family. The tetrahalides 
of both groups are, however, somewhat similar. Like SnCl4, TiCl4, ZrCl4, and 
HfCl, are relatively volatile compounds that exist as diserete covalently bonded 
molecules. 


Of the three known oxidation states of titanium, +2, +3, and +4, the +4 state 
is most common and most stable under many eonditions. Compounds of 
titanium in the +2 oxidation state can be prepared by reduetion of the +4 state: 


Ti03 = Ti = 2Ti0; 
TiCla=— Ti == 2ThCls. 


The oxide T10 somewhat resembles the oxides of group IIA metals. It is basie, 
lonie, and has a roek-salt erystal lattice. Like many of the other transition- 
metal oxides, however, it is a nonstoiehiometrie compound and has a eomposi- 
tion elose to TiO9.75. Titanium in the +2 state is an extremely good redueing 
agent, and both TiO and TiCl, will reduee water to hydrogen. Beeause Tit* 
decomposes water, there is essentially no aqueous solution ehemistry of this ion. 
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The titanous ion, Ti*®, is a violet species which, although stable in aqueous 
solution, 1s a strong reducing agent. It reacts rapidly and quantitatively with 
oxidizing agents like fet? and MnO; and with the oxygen of the air. The 
oxide T1203 can be prepared by reduction of TiO, with hydrogen at high 
temperature ; 


2110. =p Ho —= T1.03 + H.O. 


Like many of the other +3 oxides of the transition metals, TigO3 ts stable with 
respect to the elements, basic, and quite insoluble in water. 

The best known of the compounds of titanium in the +4 oxidation state is 
TiOg. This oxide is a white insoluble powder that is used as a paint pigment. 
Because TiO, has a large refractive index, crystals of the oxide have a greater 
brilliance than diamonds, but are rather soft and are therefore relatively un- 
suited for use in Jewelry. Although T1Og is very insoluble in pure water, it does 
dissolve slightly in strong base to form the titanate 1on, whose formula is prob- 
ably [Ti02(OH).|~. When treated with strong acids, TiO, dissolves to form 
species such as Ti(OH)? and Ti(OH)i7*. The structures of these ions are not 
known, and the latter is sometimes represented by the formula Ti0**. In any 
case, It 1s clear that TiO, has both acidic and basic properties, and that the 
simple ion Tit* does not exist in aqueous solutions. 

All of the tetrahalides of titanium have been prepared. A comparison of 
titanium tetrachloride, TrCl4, with TiCly and TiClz is interesting because it 
illustrates a useful correlation between oxidation uumber and physical prop- 
erties. The compounds TiCls and TiCl3 are ionic crystals whose vapor pressure 
reaches 1 atm only at temperatures near 1000°C. On the other hand, TiCl, is a 
liquid at room temperature and boils at 137°C. To explain the marked increase 
in the volatility of the halides as the oxidation number of titanium inercases 
from three to four, it las been suggested that the bonds in TiCl, are of a covalent 
nature. Certainly it is difficult to imagine that four chloride ions could sur- 
round Tit* without being so distorted as to share their electrons with the 
central titanium atom. 

When Ti, Tif’4, or TiO are treated with aqueous HF, the very stable anion 
Tif’g is formed. The anion TiCl¢ is less stable: while tt can be formed by 
reaction of TiCl, with KC], 1t ts rather easily hydrolyzed in aqueous solution 
to species which contain oxygen. 
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These two elements are so similar chemically and physically that for some time 
a muxture of them was thought to be a single element. As Table 16.3 shows, the 
atomic and ionic radii of zirconium and hafnium are virtually identical. The 
expected larger size of the heavier element is not observed, because the lan- 
thanide elements precede hafnium in the periodic table. The contraction in size 
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associated with these elements makes the atoms of the elements that follow 
then: smaller than would otherwise be expected, 

The best known compounds of zirconium and liafnium are the oxides ZrO, 
and HfO,. Zircontum dioxide has an extremely high melting point (3100°KX) 
and onee it has been heated to a high tenmperature, mis not attacked by acids 
or bases, and it has very favorable mechanical properties. Consequently it is 
used as a refractory material in furnace linings and m the manufacture of 
crucibles. “The oxides of zirconium and hafmium are more basic than TiO, and 
thus are less soluble m alkalis and more soluble in acids. This chiange to a more 
basic nature ts to be expected from the mereased size of Zrt4 and Hft4 com- 
pared to Tit*, Because of this increase in size, the solutions of Zr(1V) and 
Hf(V) are less hydrolyzed than the acid solutions of Ti(EV), and consequently 
the aqueous solution chemistry of the heavier elements is more extensive than 
that of titanium (IV). 

This chemistry is quite complicated, however. Acidic solutions of Zr(1V) 
contain polymeric cations such as Zr3(Ol)7® and Zr4(OH)¢*®. In concentrated 
HI}*, the situation is simpler, and the ions Zrl*¢ and Hfl¢ are the principal 
species in solution. 


Table 16.4 Properties of the group VB elements 





V Nb Ta 
Atomic number 23 41 res 
Configuration 3d74s* | 4d45s! | Sd%6s? 
lonization energy, kcal £355 159 182 
Atomic radius, A eZ Ie34 1.34 
Melting point, °K 2190" 2770 3270 
Boiling point, °K S650 4900 5600 
AH, (atom), kcal 123/ 173] 186 
AH? (M205), kcal —373 —463 | —500 
AH? (M203), kcal —290 - = 


16.4 THE VANADIUM FAMILY 


The three clements of group VB are vanadium, niobium, and tantalum. As 
Table 16.4 shows, these metals have high meltmg and boiling points and large 
enthalpies of vaporization. The gross features of their chemistry resemble in a 
general way those of the group IVB metals. All clemeiuts of the vanadium 
family show several oxidation states: +2, +8, +4, and -+5. All of these states 
are important m the chemistry of vanadium, but only the 4.5 state and to a 
lesser extent the 43 state are important for mobium and tantaluin. Like the 
metals of group IVB, the metals of the vanadium family react readily with 
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Vanadium 
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oxygen, carbon, and nitrogen at high temperatures, and thus are difficult to 
prepare by conventional high-temperature reduction processes. At lower tem- 
peratures an oxide coating protects the metals from chemical attack, even 
though they are strong reducing agents from the thermodynamic standpoint. 
Another feature which is held in common with the metals of the titanium family 
is that the two heavier elements of the group, niobium and tantalum, have 
virtually the same atomic radu. Consequently mobium and tantalum, like 
zirconium and hafnium, resemble each other chemically and physically. 


The chief commercial use of vanadium ts as an alloying agent in steels. Its 
general effect 1s to increase the ductility and tensile strength of the alloy. 
Fortunately this application does not require very pure vanadium, which, as 
we have noted, 1s difficult to prepare in quantity because of its high-temperature 
reactivity with carbon, nitrogen, and oxygen. Small amounts of very pure 
vanadium can be prepared by the decomposition of VI4 on a hot wire. 

The most important compound of vanadium Is the pentoxide, V205. This 
red solid can be prepared by the direct combination of the elements at an 
elevated temperature, and it is used commercially as a catalyst in the contact 
process for preparation of sulfuric acid. Vanadium pentoxide 1s amphoteric. 
It dissolves in acids to form the pervanady] ion, Oe 


V.0; + 2H*t(aq) = 2VO3 (aq) + H20. 


There is a tendency for the vanadium species to polymerize m solutions of 
moderate acidity according to the reaction 


10.V Os 22SH2 Osha, GOss tee 


When treated with strong base, V2O; dissolves as VO7°, which also has a 
tendency to polymerize: 


2V0;° + 3Ht = HV.07° + HO, 
hie Ome VO, 3H = V,0, °° 452H.0: 


Thus the aqueous solution chemistry of vanadium (V) involves some rather 
complex species. 

If an acidic solution of vanadium (V) is treated with a reducing agent like 
zinc metal or ferrous ion, a blue solution of vanadium (IV) or VO*™*, the vanadyl 
ion, results. The vanadyl ion occurs as a discrete unit in such salts as VOSO,4 
and VOCl». Like titanium (IV), vanadium (IV) is amphoteric. If a solution of 
VOt* is treated with alkali, VO, precipitates, but further treatment of this 
oxide with strong base dissolves it as the ion VOj* and its polymerization 
products. Another point of resemblance between titanium (IV) and vanadium 
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(IV) is that VCl4, like TiCl4, is a low-boiling liquid (boiling point 154°C). This 
again illustrates the tendency of halides to exist as discrete small molecules 
when the oxidation number of the metal is high or the size of the metallic atom 
is small. 

An aqueous solution of vanadium (III), V*’, can be prepared by reduction 
of VOTT with zinc. As the reduction proceeds, the color of the solution changes 
from the bright blue of the vanadyl] ion to the green color of VT’. The +3 
state of vanadium is entirely basic in nature, and treatment of a solution of 
Vt? with alkali precipitates the insoluble V.03. The salts of V*? are all ionic 
compounds. 

Exhaustive reduction of aqueous solutions of any of the higher oxidation 
states of vanadium yields a violet solution of V**. This ion is a rapid and 
moderately strong reducing agent. The oxide VO is basic and insoluble and 
has a nonstoichiometric composition. In each of these respects, vanadium (II) 
resembles titanium (II). 

The following reduction-potential diagram provides a concise summary of 
the chemistry of vanadium in acidic aqueous solution: 


Oe 1.0 Vott 0.36 yt —0.25 ytt — Vv. 


We can see from the reduction potentials that vanadium (V) and (IV) are 
easily reduced, that V™T is a moderately good reductant, and that vanadium 
metal is a strong reducing agent. 

The only known halide of vanadium (IV) is VF, a viscous liquid which boils 
at 48°C. Both VF, and VCl, are known and are volatile substances which can 
be rather easily reduced to lower halides. VClq resembles TiCl, in its general 
physical properties and in its very rapid reaction with water to form the oxide 
and oxychloride VOCl,. All the vanadium trihalides are known and are intensely 
colored solids which can be decomposed at moderate temperatures (800—-500°C) 
to the dihalides. The latter are ionic solids of considerable stability. 


Niobium and Tantalum 


Niobium and tantalum are frequently found together in nature, have similar 
chemical and physical properties, and are difficult to separate and prepare in a 
very pure state. There is considerable interest in mobium metal, for it loses 
all electrical resistance and becomes a superconductor at low temperatures. 
Tantalum is a very ductile metal, is resistant to chemical attack, and has good 
mechanical properties at high temperatures. It forms a carbide, TaC, that is 
extremely hard and which is used in the fabrication of cutting tools. 

The most important oxidation state of niobium and tantalum is +5. The 
oxides NbeOs and TagQs can be dissolved by fusing them with hydroxides, 
but they are not attacked by hydrogen ion. Like the anions of vanadium (V), 
the anions of niobium (V) and tantalum (V) are polymeric. However, the only 
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species that exist in aqueous solutions have the formula g07¢, where M is Nb 
or Ta. In these ions, the six metal atoms occupy the corners of a regular octa- 
hedron, and are themselves surrounded by octahedra of oxygen atoms which are | 
shared in manner consistent with the stoichiometry of the anion. This tendency 
to polymerize is also found in the halides: NbCls and TaCl; are dimeric molecules 
in the solid, with two chlorine atoms shared by forming bridge bonds between 
metal atoms. In the lower halides such as NbCl3 and NbClz, the basic structural 
unit is the (\[gX12)t*'*? cation combined with halide anions. The MgXj2 
unit consists of an octahedron of metal atoms with a bridging halogen atom 
along each edge of the octahedron. Because this unit may bear either a +2 
or +3 charge, both species can appear in the same crystal lattice, and the niobium 
and tantalum halides are typically nonstoichiometric compounds. 


16.5 THE CHROMIUM FAMILY 


The metals of group VIB are chromium, molybdenum, and tungsten. As 
Table 16.5 shows, they are high-melting, high-boiling elements and have large 
enthalpies of vaporization. Tungsten, in fact, is the least volatile of all the 
elements. All the metals are hard and corrosion resistant and have a variety 
of technical uses, both as pure mctals and alloying agents. Again the two 
heavier members of the family resemble each other markedly and differ some- 
what from the first element in the group. Chromium forms the ions Crt, 
Cr*?, and CrOj, and each oxidation state has an extensive solution chemistry. 
Table 16.5 Properties of the group VIB elements 


Cr Mo W 
Atomic number 24 42 74 
Configuration 3d°4s! | 4d°5s! | 5dtés? 
lonization energy, kcal 156 164 184 
Atomic radius, A ele7 1.29 1.30 
Melting point, °K 2176 2890 3650 
Boiling point, °K 2900 4900 5900 
AH? (atom), kcal 95| 157} 200 
AH} (MO3), kcal —145| —180] —201 
AH? (MCl2), keal —94.6} — 44| — 38 


AH} (MCle), kcal l= | — 90} —98.7 


On the other hand, the solution chemistry of molybdenum and tungsten is largely 
confined to the +6 state, and in contrast to chromium (VI), molybdenum (VI) 
and tungsten (VI) show no oxidizing properties. 
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The most stable oxidation state in most circumstances is chromium (III). 
Chromium (IJ) compounds are reducing agents, and chromium (VI) com- 
pounds are strong oxidizing agents. The acid-base properties associated with 
these oxidation states vary in the expected manner, with the acidity increasing 
as the oxidation number of chromium increases. The oxide CrO and the hy- 
droxide Cr(OH).2 are basic, Cr2O3 is amphoteric, and CrOs is acidie. 

The preparation of chromium from its ore illustrates some important features 
of its chemistry. The principal chromium ore is the mixed oxide chromite, 
FeO + Cr203. Direct reduction of chromite with carbon produces an iron- 
chromium mixture that is used in the manufacture of steel, 


FeO - CreoO3 + 4C = 2Cr-+ Fe + 4CO. 


To obtain pure chromium, the chromite ore is first oxidized with air under 
basic conditions at high temperature: 


i el0e 


FeO - CroO3 oa IXoCrO4 -+- Fe Oz. 


Potasstum chromate, K2CrO,4, is readily soluble in water, but Fe.O3 is not, 
so the iron and chromium can be separated. The chromate ts reduced to Cr2O3 
with carbon: 


21\,CrO, -. A Oe IXoCO3 -{- Ix.O -+- CO + CroQz. 


Finally, Cr203 is reduced with aluminum in the thermite process: 
CroOz3 -{- 744 Al,O3 + OVE 


Irom the thermodynamic standpoint, chromium metal is a good reducing 
agent, and in fact, when it is finely divided it reacts rapidly and completely 
with oxygen. In the massive state, however, chromium is protected by a thin 
transparent coat of Cr2O3, and is extremely resistant to corrosion. Conse- 
quently chromium is used as a protective and decorative coating for other 
metals, and when incorporated in alloys like the stainless steels, it endows them 
with corrosion resistance. 

Aqueous solutions of chromium (III) can be obtained by dissolving Cr203 
in acid or alkali: 

CroO3 -|- 6Ht = 2Crt? (aq) se 3H.O, 


CroO03 -+- POH | -+- 3H».O = 2Cr(OH);. 


It is well established that Cr*? in aqueous solution consists of a central ion 
surrounded by six water molecules located at the apices of a regular octahedron. 
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This ion is hydrolyzed, or in other words, it is a weak acid: 
Cr(H,0)¢? = [Cr(H,0),(OH)]*? + Ht, K=13 x10. 


It is interesting to note the relation of Crt* to the other MT? ions of the 3d 
transition series (Tit?, Vt3, Mnt3, Fet?, and Co™*). The first two of these 
ions are reducing agents, while the last three are oxidizing agents. Chromium 
(III) is intermediate in behavior, since it is neither a strong reductant nor a 
strong oxidant. 

Perhaps the outstanding characteristic of chromium (IIT) is its tendency 
to form stable complex ions with an enormous number of electron donors. The 
other di- and tripositive ions of the transition metals also display this property, 
but the complexes of chromium (III) are particularly inert once formed, and 
therefore have been studied extensively. Examples include the hexaquo ion 
Cr(H.O)¢3, the hexammine complex Cr(NH3) ¢°, and anion complexes such as 
CrF5°. The nature of these complexes, as well as those of the other transition 
elements, will be considered in some detail in Section 16.11. 

Alkaline solutions of chromium (III) are easily oxidized to chromium (VI), 
as the following standard potential shows: 


CrO7 + 4H.O0 4+ 3e— = Cr(OH)3 + 50H 7" g° = —0.13 volt. 


Solutions of the chromate ion, CrO7Z, are bright yellow. When these solutions 
are acidified, the orange dichromate ion, Cr2Q7, is formed: 


2CrO7 + 2H+ = Cr.07 +H.O, K=4.2x 10%. 
The dichromate ion is a very powerful oxidizing agent, as shown by 
Cr,O7 -+ 14H*t+ 6e7 = YO? Ie TASENO! g° == 1.33 volts. 
Comparison of this standard potential with that of 
Oye eee 2110, §° = 1.23 volte 


shows that solutions of the dichromate ion are intrinsically unstable with 
respect to decomposition to oxygen and Crt*. This reaction is slow, however, 
and solutions of dichromate ion can be kept for long periods without significant 
decomposition. 

Addition of chromate salts to concentrated sulfuric acid produces a solution 
of the red oxide CrO3. The reaction can be written 


NaeCr207 + 3H SO, = a New + H,0t + 3HSO, + 2CrO3. 
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These solutions have extremely powerful oxidizing properties, and are used to 
clean chemical glassware of grease. 

The aqueous chromous ion can be obtained by reducing solutions of Crt? 
with zine. The potential for the reaction 


Crt? + e7 = Cra g° = —0.41 volt, 


shows that chromous ion is one of the strongest reducing agents that can exist 
in aqueous solution. Solutions of chromous ion react rapidly and quantitatively 
with oxygen, and are sometimes used to remove oxygen from a mixture of gases. 


Molybdenum and Tungsten 


The ores of these metals can be converted to MoO3 and WQOs, and reduction of 
these oxides with hydrogen yields the pure metals as powders. Because of the 
extremely high melting points of these metals, the fabrication of the powders 
into useful objects is very difficult. Both metals are used in situations where 
high temperatures may develop: x-ray tubes, electron tubes, electric furnaces, 
and electric light filaments are some examples. When incorporated into steels, 
molybdenum acts as a toughening agent, and tungsten extends the temperature 
range in which the steel remains hard. 

Both molybdenum and tungsten form halides in the +4, +5, and +6 oxida- 
tion states, but only in the +6 state do these elements have any significant 
solution chemistry. The oxide MoQsz 1s acidic and dissolves in base to form a 
very complicated series of polymeric oxyanions. Such ions as Mo2,07 and 
Mo7032 occur, as well as many others. The behavior of tungsten (VI) in 
aqueous solution is similar. 

In the lower oxidation states, the halides have structures in which the fun- 
damental structural unit is a cluster of metal and halogen atoms. Thus in 
MoClo, the structural unit is Mo sCls*, which consists of eight Mo atoms at the 
corners of a regular octahedron, with one Cl atom on each triangular face of the 
octahedron. In WCls, the structural unit is the W ,Cl}- ion, an octahedron of 
tungsten atoms, with bridging chlorine atoms along each edge of the octahedron. 
Thus, both with regard to formation of polymeric anions and halides which 
contain cluster cations built on metal octahedra, Mo and W resemble Nb and 
Ta rather clearly. 


16.6 THE MANGANESE FAMILY 


Of the elements manganese, technetium, and rhenium, manganese is by far the 
most abundant and important. Technetium does not occur in nature, for all its 
isotopes are radioactive and have fairly short half-lives. Rhenium is very rare, 
so rare that it was not discovered until 1925. It has a few applications in high- 
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Table 16.6 Properties of the group VIIB elements 





Mn Tc Re 
Atomic number 25 43 7S 
Configuration 3d°4s2 | 4d®5s! | 5d°6s” 
lonization energy, kcal 171 168 182 
Atomic radius, A 1.17 ~ 1.28 
Melting point, °K fe | Sale7 = $i 3453 
Boiling point, °K 2340 - | 5800 
AH? (atom), kcal 67.2 |) = Hil 187 
AH? (MOg), kcal —124.2| - —100 





temperature technology and catalysis. Some properties of these elements are 
given in Table 16.6. 


This element is a high-melting, high-boiling metal of considerable chemical 
reactivity. The potential for the reaction 


Mn** ++ 2e~ = Mn, g° = —1.18 volt, 


shows that manganese should dissolve readily in dilute acids, and indeed it does. 
In contrast to previous members of the first transition series, the metal is not 
protected by an oxide coating. Manganese occurs naturally as the oxide MnQOg. 
Small amounts of pure manganese can be made by thermal decomposition of 
MnO, to a mixture of the oxides MnO and Mn2Qs3, followed by reduction with 
aluminum: 

3MnO», = MnO- Mn203 + 20 9, 


383MnO - Mn.Oz + 8Al = 4A1,03 + 9Mn. 


The principal use of manganese is as an additive in steels. For this purpose the 
impure manganese that results when the ores are reduced directly with carbon 
is satisfactory. Small amounts of manganese in steels react with the oxygen 
and sulfur and remove them in the slag as MnOg and MnsS. Addition of larger 
amounts of manganese toughens and hardens the steel. 

Compounds of manganese in the +2, +3, +4, +5, +6, and -+7 oxidation 
states are known. Dissolution of the metal in dilute acid produces Mn**, an 
ion with a faint pink color. In contrast with the aqueous doubly charged ions 
of titanium, vanadium, and chromium, Mn*~ has no reducing properties. In 
fact, the potential of the reaction 


Mnt? + e7~ = Mn™*, g° = 1.51 volts, 


shows that it is very difficult to oxidize Mn** to Mn*® in aqueous solution. 
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When solutions of Mn** are treated with alkali, a gelatinous precipitate of 
Mn(OH). forms. This hydroxide and the oxide MnO are entirely basic. 

It is not possible to obtain significant quantities of Mn7? in aqueous solution, 
for as its reduction potential of 1.51 volts shows, tt is an oxidizing agent powerful 
enough to evolve oxygen from water. Moreover, combination of the half- 
reactions 

Mnt? -+ e~ = Mn, &° = 1.51 volts. 


PimOe- 4H +e = Mnt?+ H.,O, &° = 0.95 volt, 
to give 
2Mn7t? + 2H,0 = Mnt*++Mn0O,+4Ht, As° = 0.56 volt, 


shows that Mn*? is unstable with respect to disproportionation to Mn++ and 
MnO». Consequently there is essentially no aqueous solution chemistry of 
manganese (IIT). The ion Mn*? is stable in the solid state, however, and can 
be obtained by oxidation of Mn(OH). under basic conditions: 


2Mn(OH).» +- 502 = Mns.03 -+- ao). 


The solid Mn 2Q3 1s a completely basic oxide. 

The chemistry of manganese (IV) is not extensive. Virtually the only stable 
compound of manganese in this state 1s MnQOo, a dark brown powder which is a 
nonstoichiometric compound that is always noticeably deficient in oxygen. In 
acidic media MnQg ts a very powerful oxidizing agent: 


MnO> -—- 4H + 2c> = Mn** + 2H.0, 6° = 1.23 volts. 
Quite a different situation obtams in basic solution: 
MnO, + 2H.O + 2e7 = Mn(OH). + 20H, 6° = —0.50 volt. 


These potentials illustrate the important generalization that oxyanions and 
oxides are most powerful oxidizing agents when in acid solution, and correspond- 
ingly, that it is easiest to produce these oxygenated species of high oxidation 
state in basic solution. 

When MnQOz is heated with IX. NO3 and JKOH, solid XgMnQ4q, or potasstum 
manganate, is produced. This salt, in which manganese is the +6 oxidatron 
state, 1s bright green, soluble m water, and ts stable only in basic solutions. 
The half-reactions 


Fins + 4H" + 2e = MnO, + 2H.0, 6° = 2.96 volts, 
MnO, = MnO; +c", 6° = 0.56 volt, 


show that manganate ion is unstable with respect to disproportionation in acid 
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solution: 


8MnO;7 + 4H = 2Mn0Oz7 + MnO, + 2H,20, ¢° = 1.70 volts. 


As a consequence of this extreme instability in acidic solution, there is very 
little aqueous solution chemistry of manganese (VJ). 

Perhaps the best known compound of manganese Is potassrum permanganate, 
IKXMnO,. This salt has a very intense purple color and is a very powerful 
oxidizing agent: 


MnO, + SHt + 5e7 = Mntt + 4H,0, 6° = 1.51 volts. 


Even though permanganate is capable of oxidizing water to oxygen, the reaction 
is rather slow, and aqueous solutions of permanganate are Important reagents 
in analytical chemistry. By addition of potasstum permanganate to concen- 
trated sulfuric acid, it is possible to produee the extremely unstable hquid 
Mn.O7. As we might have anticipated from the trend estabhshed among the 
other transition elements, compounds of manganese (VII) are entirely acidic. 


Technetium and Rhenium 
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These two elements resemble each other and differ in a number of respects from 
manganese. The +2 oxidation state, important for manganese, 1s unknown in 
the chemistry of technetium and rhenium. The most important oxidation states 
of technetium are +4 and -++7, while the +38, +5, and +6 states are difficult to 
prepare. For rhenium, the +3, +4, and +7 states are best known, while --4 
and --6 states are difficult to prepare. 

When technetium and rhenium are heated in air, the heptoxides TegO7 and 
Re OQ, are obtained. Both these compounds are low-melting solids (119 and 
990°C, respectively). The oxides dissolve readily in water to give acidic solu- 
tions of TeO7 and ReO;. These solutions possess only moderate oxidizing 
strength, in contrast to solutions of MnO. The lower oxides of technetium 
and rhenium can be made by heating the metals with the heptoxides, as for 
example m 


Re + 3Re.07 = 7ReOs. 


¥or both technetium and rhenium, the oxides MOx3 and MO», are known. 

In contrast to manganese, the heavier elements of group VIIB form a number 
of relatively volatile halides. The known halides of technetium are TeCly, 
TeClg, and Tel’s. Rhenium forms a more extensive series of halides. The 
compounds ReX 4 are known; here X stands for I, Cl, Br, and I. Only fluorine, 
chlorine, and bromine form compounds of the formula ReXs. The only known 
halides of rhenium (VI) are Rel’g and ReClg, while Rel’; is the only halide of 
rhenium (VII). Once again, the tendency for the heavy transition metals to 
form clusters in the halides of lower oxidation number is displayed. ReClz 
actually consists of RegClg units, with the three Re atoms forming an equilateral 
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triangle. Along each edge, and in the plane of the triangle, there is a Cl atom 
forming bridge bonds betwcen Re atoms. In addition, two more Cl atoms are 
bonded to each Re, one above and one bclow thc planc of the triangle. 


16.7 IRON, COBALT, AND NICKEL 


At this point we will temporarily abandon our practice of discussing the vertical 
groups of the transition metals, and instead treat the horizontal triad iron, 
cobalt, and nickel together. The reason for this is that the horizontal resem- 
blanees among these members of the first transition series are more noticeable 
than are their similarities to the heavier members of their vertical groups. 
These latter six clements, ruthentum, rhodium, and palladium in the second 
transition series, and osmium, iridrum, and platmum in the third series, bear 
some strong resemblances to each other and will be treated as a group in the 
next section. 


Table 16.7 Properties of the iron triad elements 


Fe | Co Ni 
Atomic number 26 27 Zo 
Configuration 3d°4s? | 3d‘4s? | 3084s? 
lonization energy, kcal 182 181 176 
Atomic radius, A 116g 1.166 1.15 
Melting point, °K 1812| 1768; 1728 
Boiling point, °K 3150} 3150} 3160 
AH? (atom), kcal |} 99.5]]| 102i) 103 
AH} (MO), kcal | —63.8 | Lom —58.4 


Iron, cobalt, and nickel are hard, high-melting, high-boiling metals of mod- 
crate reactivity. Table 16.7 summarizes some of their properties. They are all 
ferromagnetic to some degree. Their chemistry is principally confined to the 
lower oxidation states +2 and +3. Some higher oxidation states are known, but 
m accordance with the trend established by Ti, V, Cr, and Mn, these higher 
oxidation states are very unstable and have powerful oxidizing properties. 


lron 


Iron constitutes 4.7% of the carth’s crust and 1s second in abundance only to 
aluminum among the metals. This abundance, and its desirable mechanical 
propertics in the impure condition, make iron an clement of foremost techno- 
logical importance. As is well known, metallic iron ts produced by the reduction 
of iron oxide in a blast furnace. Some of the reactions that occur m the furnace 
reveal notable features of the chemistry of iron. One of the first changes that 
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the oxide Fe.03 undergoes oceurs in the relatively cool regions (200°C) of the 
furnace: 


3FeoQ3 + CO = 21 e304 -|- CO>. 


The oxide of composition e304 also oeeurs naturally as magnetite, the mag- 
netie iron oxide. It ean be regarded as a mixed oxide of iron (1J) and iron (III): 
FeO + Fe.O3. At somewhat higher temperatures (350°C), further reduction of 
the iron oxide occurs: 


e304 + CO —arice -|- COs: 


As the oxide drops further down into the blast furnace, it encounters higher 
temperatures and is finally reduced to the metal: 


FeO + CO = Fe + COs. 


The iron that is drawn from the blast furnace eontains sulfur, phosphorus, 
and silicon impurities as well as 4% earbon, whieh is present as the earbide 
Ie,C. To produee high-quality stecls in which the carbon content is, in general, 
less than 1.5%, the molten iron is treated with air or oxygen until most of the 
carbon is burned out, and the other impurities are separated as oxides in a slag. 
The desired alloying metals are added, and the steel poured into molds to eool. 

As pointed out in the summary of the steel manufacturing process, there are 
three important oxides of iron, FeO, Fe2O3, and Fe304. THaeh of these com- 
pounds has a marked tendency to have a nonstoichiometrie composition, and 
each is rather readily oxidized or reduced into one of the other forms. We can 
rationalize these features in terms of the erystal structures of the solids. Imagine 
a cubie elosest-paeked lattice of oxide ions. If all the octahedral holes were 
filled with Fe+* ions, we would have a perfeet roek-salt lattice, which is the 
structure of FeO. If a small number of the 'e** ions are replaced by two-thirds 
as many I’e*?? ions, we would have an iron-defieient, but cleetrically neutral 
erystal. The actual composition of iron (II) oxide as usually prepared is Feo.950. 
Conversion of two-thirds of the Fett ions to et? would give a composition 
IeO - FesO3 or Fe3gO4. In this mixed oxide, all Iet* jons are in octahedral 
sites, but half of the Fe*®? ions are in eetahedral sites and half are in tetrahedral 
sites. Finally, replacement of all the fet ions by two-thirds as many Ket? ions 
gives the composition Feg.g70 or Fe,O03. Thus each of the oxides can change 
its composition in the direction of one or two of the others without the occur- 
rence of a major struetural change in the oxide lattice. 

As the potential for the reaetion 


Fett + 2e7 = Fe, 6° = —0.44 volt, 


shows, iron is a moderately good reducing agent, and it does in fact dissolve 
slowly in dilute acids. When treated with concentrated nitrie acid, however, a 
protective oxide film forms and the metal becomes “passive” and does not 
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dissolve. Although the anhydrous salts of iron (11) hike IfeCly are eolorless, 
the hydrated salts and aqueous solutions of e+ are pale green. In aqueous 
solution Fe** ean be oxidized by air to Vet? as the following potentials show: 


et? + e7 = Fett eS? = 0.771 volt. 
2FeT* + 10, + 2Ht = 2Fet3 + H.O, i — 0 46eveln 


This oxidation of Fe** is moderately rapid in neutral solution, but is somewhat 
slower in acidie solution. Because of air oxidation, solutions of Fet+ always 
contain some Fe? unless they have been freshly prepared and are aeidie. 

When solutions of et are treated with base, I’e(OH), preeipitates. Al- 
though this compound is white, it is darkened very rapidly by air oxidation. 
Although I'c(OH), dissolves readily in acids and appears therefore to be basie, 
it does show some amphoteric behavior. Prolonged treatment with hot eoneen- 
trated NaOH dissolves I'e(OH)»2, and when the solution is eooled, Na4[Fe(OH)¢] 
precipitates. Under most circumstanees, however, I°e(OH)>. behaves like a 
basie hydroxide. 

Iron (JI) exists in aqueous solution as the hydrated ion Fe*?. Because of 
its large charge and small size, Fe*? hydrolyzes, or aets as an acid, as the 
following equilibrium eonstants show: 


MienEeO)e)°° — {Fc(H20),(0OH)}"* + Ht, K=9x 107+, 
ieee) OH)it* — [Fe(H.0),(OH).)* + Ht, K—=5.5x 1074. 


The reddish-brown color of solutions of fet? is attributed to the hydrolysis 
produets, as the solutions can be almost deeolorized by the addition of nitrie 
acid. On the other hand, as the pH of a solution of Fe? is raised, the eolor 
decpens until hydrated I'e2O3 precipitates from solution. As might be expeeted 
from the extreme aeidity of I’e*? in aqueous solution, hydrated I'e.03 dissolves 
somewhat in base as well as in acids and ts therefore shghtly amphotcrie. 

Both Fe** and Fet? form eomplexes with a large number of elcetron donors. 
The nature of some of these will be diseussed in Scetion 16.11. At this point, 
however, a comparison of the reduetion potentials 


Pet? + e7 = Fert, €° = 0.771 volt, 
re(CN),° +c” = Fe(CN);*, &° = 0.36 volt, 


provides a good example of how the relative stabilities of oxidation states can 
be affected by eomplex-ion formation. Aqucous ferric ion is a good oxidizing 
agent, but the ferricyanide ion, Me(CN), °, is much less powerful. Apparently, 
formation of the complex ion stabilizes l’e(JII) more than it does Fe(II). 
While virtually all the solution ehemistry of iron is eonfined to the +2 and 
+3 oxidation states, it 1s possible to prepare a eompound of iron (VI). Treat- 
ment of Fe 2O3 with strong base and ehlorine produecs a solution of the ferrate 
ion, FeO. Although stable in basic solution, in neutral or acidic media it 
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decomposes according to 
2FceO7 + 10HT = 2Fet? + 802 + 5H20. 


The ferrate ion is a powerful oxidizing agent, even stronger than MnO; . 


This element occurs in nature as the sulfide Co384 and arsenide CoAsg. Its ores 
also usually contain nickel and often iron and copper. The recovery of cobalt 
involves roasting the ores to convert them to the oxide CoO, which is then 
reduced with carbon, aluminum, or hydrogen. The metal itself is hard, has a 
bluish-white lustre, and is moderately reactive. The potential for the reaction 


Co Ae ae 0, g° = —0.28 volt, 


shows that cobalt is a less active reducing agent than iron, but will nevertheless 
dissolve in dilute acids. Like iron, cobalt has two important oxidation states: 
+2 and +3. However, cobalt (III) is a much more powerful oxidant than 
iron (III). As the potential for the reaction 


Cot? + e~ = Cot, s° = 1.84 volts, 


shows, Cot® can oxidize water to oxygen, and does so quite rapidly. Consc- 
quently there is essentially no aqueous solution chemistry for the free Cot? ion. 
Complexes of cobalt (III) are important, however, and are considerably weaker 
oxidants than the aqueous Cot’, as is shown by 


[(Co(NH3)g]7? +e = [Co(NHa)¢lT?, g° = 0.1 volt. 


Many other complex ions of cobalt (III) are known, and some of these will be 
discussed in Section 16.11. 

The hydroxide Co(OH), is insoluble, and somewhat amphoteric. It dis- 
solves readily in dilute acids, but very concentrated alkali is necessary to 
dissolve it as [Co(OH),]=. Thus it behaves quite similarly to Fe(OH)2. The 
oxide CoO, like I'eO, has the rock-salt structure with the CotT ious occupying 
the tetrahedral sites in the cubic closest-packed oxide lattice. Treatment with 
oxygen at high temperatures converts CoO to Co304, another cubic close- 
packed lattice of oxide ions with Cot? at tetrahedral sites and Cot? at octa- 
hedral sites. The simple oxide Co2O3, which would be analogous to Fe2Qz is not 
known, but the hydrate CogO3- H2O is known. Thus while there are some 
similarities between the Co-O and I’e-O systems, they are not completely 
analogous. 


Nickel continues the trend of decreasing stability of higher oxidation states 
established by the other transition elements. The only important oxidation 
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state that occurs In aqueous solution is +2, and the +8 and +4 states appear 
only in a few compounds. The electrode potential 


Nit? + 2e7 = Ni, 6° = —0.25 volt, 


shows that from the thermodynamic standpoint, nickel is only slightly poorer 
as a reductant than cobalt is. In fact, nickel is quite corrosion resistant, for it 
is covered with a thm protective coating of oxide, and reacts only very slowly 
with oxidizing agents. It is particularly resistant to attack under alkaline con- 
ditions, aud is often used to make crucibles or electrodes for use with basic media. 
Finally divided nickel can absorb large amounts of hydrogen gas, which enters 
the metallic lattice as atoms. Asa result, porous nickel “sponge” is an excellent 
catalyst for the hydrogenation of organic compounds: 


H, + CoH, 5 CoH. 


Monel, an alloy of nickel and copper, resists attack by fluorine, and is used to 
contain and handle this gas. 
In Nature, nickel is frequently found as the sulfide NiS. Roasting this 
compound in air produces the oxide NiO, which can be reduced with carbon to 
| give metallic nickel. Very pure nickel can be made by the carbonyl process. 
| Crude metallic nickel reacts readily with carbon monoxide at 50°C to give the 
volatile nickel tetracarbonyl, Ni(CO)4,. The pure metal can be recovered merely 
by pyrolysing the carbony! at approximately 200°C. 

In aqueous solution the hydrated Nit? is green, and the salts of Nit? are 
green or blue. Like irou (II) and Co (IJ), nickel (11) forms many complex ions. 
Like Fe(OQH)2 and Co(OH)., Ni(QH)2 is insoluble, but in contrast to the 
former substances, Ni(OH)». shows uo amphoteric properties. The oxide NiO, 
hike keO and CoO, has the rock-salt structure. 

When Ni(OH), is treated with alkali and a moderately strong oxidizing agent 
like bromine, a black solid whose composition is close to N1gO3 - H2O 1s obtained. 
Strong oxidizing agents like Clo actiug on Ni(OH)>o give a sold whose com- 
position approaches NiOQg. Thus it is possible to prepare both the nickel (III) 
and (IV) oxides, although neither is pure. Both oxides are very strong oxidizing 
agents. In fact, NigQ3 is used in the Edison cell, which employs the reaction 


discharge 


Ke + NieQ3 - H.O + 2H.O — = I’e(OH)> + 2Ni(OH).» 


and delivers about 1.3 volts. 


16.8 THE PLATINUM METALS 


Ruthenium, rhodium, palladium, osmium, iridium, and platinum are the ele- 
meuts of the 4d- and 5d-triads of group VIII, and are commonly known as the 
platinum metals. They are rather rare metals and have in common a general 
resistance to chemical attack. As Table 16.8 shows, the platinum metals have 
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Table 16.8 Properties of the platinum metals 





Ru Rime Tero Os lr Pt 
Atomic number 44 45 46. 76 Tes 78 
Configuration 4d75s' | 4d%5s! 4d!9 | 5d%6s 5d? | 5d°6s! 
lonization energy, kcal 170 |, Se2 ez 200 200 210 
Atomic radius, A 1.24| 1.251] 1.25) 1.26%) 126) 
Melting point, °K 2770 | 2250. 1823 2970, 2720, 2043 
Boiling point, °K 4000 4000 3300 4500 | 4400 | 4100 
AH? (atom), kcal 144) 133 91 165| 198 135 





high meltmg and boiling temperatures and large enthalpies of vaporization. 
Apparently it is this great stability of the metallic lattice that 1s largely respon- 
sible for the inert nature of the metals. 

The platinum metals differ somewhat in physical appearance and mechanical 
properties. Ruthenium and osmium are gray brittle metals that are very hard. 
Rhodium and iridium are white in appearance, and rhodium is rather soft and 
ductile while iridium is hard and brittle. Palladium and platinum are white 
metals of considerable lustre and are softer and more malleable than the other 
metals of the group. In this latter respect palladium and platmum resemble 
silver and gold, their neighbors in the periodic table. 

Many of the generalizations that apply to the behavior of the other transition 
metals fail or are modified when applied to the platinum metals. The tmpor- 
tance of the higher oxidation states, so obvious for the other heavy transition 
elements, is considerably diminished among the platinum metals. tuthemum 
and osmium, members of the iron family, do form the oxides RuOQ4g and OsO,4 
in which the oxidation number of the metal ts +8. However, Table 16.9 shows 
that none of the other platinum metals displays an oxidation number higher 
than --4 in its oxide. In general, oxidation states of +4 and lower are most 
important in the chemistry of the platinum metals. 

Although the metals have in common a general inert nature, their response 
to the various oxidizing agents is rather different. Only osmium and ruthemum 
are readily attacked by oxygen and form volatile oxides. Only palladium will 


Table 16.9 Principal oxides and halides of the platinum metals 





Ru Rh Pd Os lr Pt 
F Urea es Mes PdFs | OsFs, OSFs irFs, lf ge | PRE4, Babe 
Cl RuCls | RhCl3 | PdClg | OsCly, OsCl4 | IrClg PtClo, PtCl3, PtCl4 
Br RhBr3 PtBro, PtBrsz, PtBr4 
| Ptlo, Ptlg, Ptl4 
Mit | PdO 
MHI Rh203 | Ir203 
MIV RuOo |} RhOyv OsOe IlrO2g PtO» 
MvIM | RuQ4 OsO4 
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dissolve in nitric acid, while platinum, osmium, and palladium are attaeked by 
aqua regia, a mixture of nitric and hydrochloric acids. Osmium and ruthemum 
react with alkaline oxidizing agents to give NugOsO, and Na yRuO,, and 
similar treatment attacks platinum and palladium. Iridium combines rather 
readily with fluorine, but the other metals must be heated above 300°C before 
they react. Chlorine combines with all the metals at elevated temperatures, 
but ruthenium and palladium are particularly resistant and must be raised to a 
| red heat before they react. In the use of platinum laboratory apparatus, it is 
Important to remember that the platinum metals react with the semimetallic 
elements, particularly sulfur, phosphorus, arsenic, antimony, and lead. 

The chemistry of the platinum metals is difficult to systematize, and in some 
respects is not well documented. Like the other heavy transition metals, these 
elements do not form simple monatomic cations. Moreover, only ruthenium 
and osmium form oxyanions. The oxides, halides, and sulfides are the only 
compounds that do not involve coordination or complexation of the metal atom. 
‘or a description of the complex compounds of the platinum metals, an advanced 
textbook of inorganic chemistry should be consulted. 


16.9 COPPER, SILVER, AND GOLD 


Copper, silver, and gold are moderately soft, very ductile and malleable metals 
that are excellent conductors of heat and electricity. These group IB elements 
show httle resemblance to the alkali metals of group LA. Table 16.10 shows 
that copper, silver, and gold are moderately high-melting and high-boiling 
metals that have enthalpies of vaporization from two to four tinies greater than 
those of the alkah metals. The jonization energics of the atoms of the copper 
family are nearly twice those of the alkali atoms. Thus we might expect, and in 
fact find, that the metals of group IB are more inert than those of group IA. 
Copper, silver, and gold are sufficiently resistant to oxidation that they are 
sometimes found in the uncombined state in nature. 








Table 16.10 Properties of the group IB elements 


Cu | Ag Au 
Atomic number 29 47 1S) 
Electron configuration | 3d'4s! | 4d!%5s! 5q!%6s! 
lonization energy, kcal 17& 174 213 
Atomic radius, A 1.17% 1.34 1.34 
Melting point, °K | 1356 | 1234 o36 
Boiling point, °K | Zo05D 2450 3080 
AH? (atom), kcal 81.1} 68.4 87.3 
Oxidation states 1, #2 | +1,4+2 41,43 
AHy (MCI), kcal | —325! —304| —8.4 
AH? (M20), kcal —39.8 | eo Le 
AH? (MO), kcal | 237m fSeciog = 
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Table 16.10 gives the oxidation states displayed by the group IB elements. 
The -+1 oxidation state is very important in the chemistry of silver, but less 
important for copper and gold. The -+-2 state is the most important oxidation 
state of copper, but occurs in only a few silver compounds, and does not appear 
at all in the chemistry of gold. The +3 state is not at all important for copper 
and silver, but is the most important state of gold. In the aqueous solution 
chemistry of these elements, the number of oxidation states 1s even further 
restricted. Only the -+2 ion of copper and the -1 ion of silver exist in important 
concentrations in aqueous solutions. 


The extraction and refinement of copper are relatively simple processes and 
reveal some of its more important chemical properties. The carbonate ores of 
copper can be reduced with carbon: 


CuCO3- Cu(OH),. + C = 2Cu + 2CO2 + H.0. 


Sulfide ores are partially oxidized and then smelted to give a rather impure 
product: 


Cuss a CusO + Cues oes Cu + SOs. 


The copper obtained from these reductions contains iron and silver impurities 
which can be removed by electrolysis. The impure copper is oxidized at the 
anode and the pure product recovered at the cathode. The half-reaction 
potentials 
Ag’ =e" = Ag, &° = 0.80 volt, 
Cur” + 267 = Cu; &° = 0.34 volt, 
Fett + 2e- = Fe, 6° = —0.44 volt, 


show that metallic silver is more difficult to oxidize than copper, and ferrous 
ion is more difficult to reduce than cupric ion. Thus by applying an appropriate 
potential to the electrolysis cell, it is possible to oxidize copper and iron, but not 
silver, and to reduce cupric ion, but not ferrous ion. The copper metal is re- 
covered pure at the cathode, and the metallic silver is left as a sludge in the 
anode compartment. 

In its most common compounds, copper is found in the +1 or the ++-2 oxidation 
states. The potentials for the half-reactions 


Cut + e7 = Cu, 6° = 0.52 volt, 
Cutt + 2e7 = Cu, g° = 0.34 volt, 


show that cuprous ion, Cu™, is unstable in aqueous solution, for we have 


9Cu* = Cu+ Cut, As® = 0.18 volt, 
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and thus 


+ 
eer eae sc 10". 


Consequently there is no aqueous solution chemistry for uncomplexed copper 
(I) ions. On the other hand, complexes of copper (1) can be prepared without 
difficulty and many are stable m aqucous solution. J*or example, if a solution of 
Cutt is boiled with excess chloride ion and metallic copper, the following 
reaction occurs: 


Cutt + Cu+4Ch = 2CuCls. 


If the resulting solution is diluted, the chloride-ion concentration decreases, 
and the insoluble CuCl precipitates: 


CuCl, (aq) + H20 = CuCl(s) + Cl (aq), eno. x 10: 


The cuprous halides CuCl, CuBr, and Cul are quite different from the alkali- 
metal halides. In the first place, the cuprous halides are only slightly soluble in 
water, as 1s shown by 


CuCl= Cut+Cl", K = 3.2 x 107, 
CuBr = Cu + Br’, K = 5.9 x 107”, 
oe Cre, K=11X 107". 


Secondly, the cuprous halides have the zinc-blende erystal structure in which 
the coordination number is only four, while the alkali halides have either the 
rock-salt or cesium-chloride structure. Third, although the lattice energies of 
the alkali halides can be calculated quite accurately on the assumption that 
they are lonic crystals, the lattice energies of the cuprous halides are slightly 
greater than would be expected from the ionic model. This suggests that in 
contrast to the alkali halides, the cuprous halides exhibit a certain degree of 
covalent bonding. 

Other well-known compounds of copper (J) are the oxide CuzgO and the 
sulfide Cu gS. Both these compounds can be made by direct combination of 
the elements at high temperature, both tend to be nonstoichiometric, and both 
are extremely Insoluble in water. In these latter respects they differ noticeably 
from the corresponding compounds of the alkali metals. 

The chemistry of copper m the +2 oxidation state Is similar to the chemistry 
of the other +2 ions of the transition metals. The cupric ion is colored and 
reacts with a number of electron donors to form complex tons. Addition of 
base to a solution of Cut™ precipitates Cu(OH)>. This hydroxide dissolves 
readily in acids and to a slight extent in excess base to form the anion Cu(Ol),. 
Like the other sulfides of the transition metals, CuS is only very slightly soluble 
mn water. 
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Cupric fluoride is an ionic compound whieh has the fluorite erystal lattice. 
In contrast, anhydrous eupric chloride and bromide consist of mnfinite ehains 
of atoms with the arrangement shown in lig. 16.1. This type of structure is a 
departure from those found in the dihalides of the alkaline-earth metals and the 
metals of the first transition series, and the low coordination number of eopper 
in eupric ehloride and bromide is interpreted by some chemists as an indieation 
of some covalent bonding in these eompounds. Cupric iodide is not known. 
Addition of I~ to Cu** solutions results in the rapid, quantitative produetion 
of Cul and [o. 





The infinite chain structure of cupric chloride. 


Both in solid compounds and m aqueous solutions, the normal oxidation state 
of silver is +1. The colorless salts AgNO3 and AgClO, are readily soluble in 
water, but for the most part the simple bmary compounds of silver are sparingly 
soluble. Thus addition of base to a solution of Ag™ precipitates the brown oxide 
Ag ,O. This eompound is predomimately basie, but it does dissolve shghtly im 
concentrated alkali to form Ag(OH);. Similarly, silver sulfide and the halides 
exeept the fluoride are quite insoluble: 


ApoS = 2Ag? + SX, K = 107°°, 

AgCl = Agt+ Cl, K = 2.8 x 107?°, 

istoy a= Agt + Br’, Oneal. 
AgI = Agt+T1-, K = 8.5 x 107%". 


l 


os 
| 
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Silver forms a number of complexes in aqueous solution. The following 
equilibrium constants indicate the range of stabilities: 


AgCl, = Ag’ + 2Cl—, k= 2 Se 
Ag(NH3)7 —Ag t+ 2NHsg, K =59 x 107°, 
Ag(S.03)3° = Ag’ + 28.03, K=5.9x 10774, 

Pee Ni= = Ag? --9CN, K=18>x 107?” 


| 


Combination of the reactions 


Peels) — Ac’ + Cl. (osc 10r 
me@in—= Ae’ + 9Cl, kK = 2.2 107°, 
gives us 


AgCl(s) + Cl" = AgClzs, K=1.2x 107%. 


This reaction and its equilibrium constant show that the slightly soluble AgCl 
can be dissolved in an excess of chloride ion. 

Combination of the dissociation constant of the silver-ammonia complex ion 
with the solubility products of the silver halides yields the equilibrium con- 
stants for the following reactions: 


AgCl-+ 2NH3 = Ag(NH3)? +Cl-, K=47x 107%, 
AgBr + 2NH; = Ag(NH;)7 + Bry, K=85x 107°, 
pele ON, — Ag(NH3)o 4-17, K=14x10~°. 





Thus AgCl is moderately soluble in concentrated ammonia, but AgBr and AgI 
do not dissolve to an appreciable extent. Silver bromide and silver iodide are 
soluble in solutions of thiosulfate ion, S203, for the silver-thiosulfate complex 
ion has a very small dissociation constant. In the photographic process, the 
developed image is fixed by washing out unexposed grains of AgBr with a 
solution of sodium thiosulfate. 

The electrode potential 


Agt +e = Ag, eo) = OE wo 


shows that silver metal is rather difficult to oxidize to the aqueous ion. It is 
even more difficult to obtain higher oxidation states of silver. Treatment of 
aqueous silver nitrate with ozone yields a solution in which Ag™™ exists as a 
short-lived species which is partially stabilized by complex formation with 
nitrate ion. The potential for the reaction 


Agtt + e— = Agt, &° = 2.0 volts, 


is only approximate, but does show how strong an oxidizing agent Ag*™ is 
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One of the few known binary compounds of silver (II) 1s Agk2, which is also a 
powerful oxidizing agent. Thus the +2 oxidation state, so important in the 
chemistry of copper, is not at all common for silver. 


This element is the most ductile and malleable of metals and is an excellent 
conductor of heat and electricity. It is also quite inert to chemical attack, as 
the potentials for the reactions 


Ay s= 7 eR CO 7 vals: 
Av: | oem — g° & 1.5 volts, 


suggest. In fact, these electrode potentials cannot be measured directly, since 
both the aurous ion Au™ and the auric ion AuT® are oxidizing agents powerful 
enough to oxidize water. 

Aurous 10n is also unstable with respect to disproportionation. Use of the 
estimated potentials gives 


3Aut = Aut? + 2Au, eee OS) atoll. 
[AuT?] 


= K = 19] 
PAgs 





Thus for two reasons Aut does not exist as a simple cation in aqueous solution. 
In both its oxidation states, gold forms stable complex compounds and ions. 
Tor example, gold can be oxidized readily in the presence of cyanide ion 


Au + 2CN” = Au(CN), +e, &° = 0.60 volt. 


Combination of this half-reaction potential with that for reduction of Au™ to 
the metal gives a standard potential and an equilibrium constant for 


ARC se A OON a 9K & 5 10m 


Gold also can be dissolved by nitric acid in the presence of chloride ion 
according to the reaction 


Au + 38NO3 + 4Cl—- + 6Ht = AuCl7 + 3NO,2 + 3H,0. 


It is the formation of the stable complex ion AuCl, that causes this reaction to 
proceed spontaneously. 


16.10 ZINC, CADMIUM, AND MERCURY 


These metals differ noticeably from the elements that precede them in the 
periodic table, and even among themselves display a considerable range of 
properties. As Table 16.11 shows, the metals of group IIB have rather low 
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melting and boiling temperatures. Cadmium and particularly zine are electro- 
positive metals and in this respect resemble the elements of group IJA. Mercury, 
on the other hand, does not dissolve in hydrogen ion and is about as inert as 
silver and copper. Besides displaying the +2 oxidation state common to the 
group IIB elements, mercury forms the Hg? * ion, and compounds of this species 
have considerable stability. In contrast, Zn and Cd form the MT ion only 


under very special conditions. Thus while cadmium and zinc resemble each 


other fairly closely, mercury displays rather different properties. 


Table 16.11 Properties of the group IIB elements 


Zn Cd Hg 

Atomic number 30 48 80 
Configuration 3d!94s2 | 4d!%5s52 | 5q1%Gs? 
lonization energy, kcal 217 207 240 
Atomic radius, A ieZ5 1.41 1.44 
Melting point, °K 693 594 234 
Boiling point, °K 1181 1040 630 
AH? (atom), kcal 312 26.7 15.3 
lonic radius, MtT, A 0.74 0.97 110 
AH? (MO), kcal —83.17 | —60.86] —21.68 
AH? (MCl2), kcal —99.40 | —93.00| —53.4 

§°, Mt+ + 2e = M, volts —0.763 | —0.402, +0.854 


Zine occurs i a number of minerals, of which zine blende, ZnS, calamine, 
ZnCQO3, and zincite, ZuO, are most important. Cadmium is found in these zine 
ores and is recovered as a byproduct of the zine reduction process. Zine ores 
are usually roasted to produce the mixed oxides which are then reduced with 
carbon to give a mixture of zinc and cadmium metals. The cadmium and zinc 
are separated by distillation. 

The principal source of mercury is the mineral cinnabar, HgS. To recover 
the metal, HgS is roasted to HgO, and when the oxide is heated to 500°C, it 
decomposes to give free mercury. Most of the world’s supply of mercury comes 
from Spain, and the once copious ores in California and Nevada are all but 
exhausted. Unless substantial new deposits are found, all sources of mercury 
may be used up by the end of the 20th century. 

As we have remarked, zine and cadmium react with aqueous hydrogen ion, 
but mercury does not. All the metals react with oxygen and other nonmetals 
such as sulfur, phosphorus, and the halogens either at room temperature or 
upon moderate heating. The oxides ZnO, CdO, and HgO have very slight 
solubility in water, but all dissolve in solutions of strong acids. Zine oxide also 
dissolves in strong bases according to the reaction 


ZnO + 20H~ + H2O = Zn(OH)z 


16.10 | ZINC, CADMIUM, AND MERCURY 


715 


716 


and is therefore amphoteric. As might be expeeted from the larger size of the 
eadmium ion, CdO is not amphoteric, but 1s a basic oxide. Mercurie oxide is 
also basic, but very weakly so. 

The halides of the group ITB metals show interesting trends m their prop- 
erties. The halides of zine have only moderately high melting temperatures, 
but when these compounds are fused, they conduet eleetricity. Consequently 
they are generally classified as ionic compounds. The structures of zine chloride, 
bromide, and iodide can be pictured as close-packed lattices of halide ions with 
zine ions occupying the tetrahedral holes. The eadimium halides are similar to 
the zine halides, but have slightly different struetures. he structures of the 
chloride, bromide, and iodide again can be thought of as a close-packed halide 
lattice, but the cadmium ions oecupy the octahedral holes, rather than the 
tetrahedral holes, 

While mercurie fluoride has a fluorite lattice that 1s associated with an rome 
bonding, the other mercuric halides are covalently bonded. In the mereuriec- 
chloride lattice, diserete, hnear, symmetrical HeCly molecules ean be identified. 
This compound melts at 280°C and when fused does not conduet electricity. 
Moreover, in aqueous solution mereuric chloride remains largely as undissociated 
HeCls molecules, for the equilibrium constants of the reactions 


HeClo(aq) = HgCl?=—Cl-, Kk = 3/2 eiime 
HeClt = Het* + Cl, kK = 18 < 10m 


are quite small. 

Although zine and eadmium display only the -+-2 oxidation state, both the 
+1 and +2 states are known for mereury. There is a wealth of evidence that 
the mercurous ion has the formula Hg}; perhaps the most convineing is the 
direct observation of this structure in the x-ray analysis of mercurous salts, 
and the observation of a spectral feature of aqueous mercurous solution that 
can only be due to Hg}*. The conditions under which mercurous ion is formed 
can be understood with the aid of the followmg half-reaction potentials: 


He} * + 2c7 = 2He(l), 8° = 0.789 voll, 
oH t+ + 9 = Hel, §° = 0.921 volt, 
Hgt* + 2e— = Hg(I), &° = 0.854 volt. 


| 


Combination of the second and third half-reactions gives 


He(l) + Het+ = Heft, as = 0.066 volt, 
K 19 1(2) (481; 0.059 


\ = 
1.7 < 10°. 


| 


Thus mereurous salts have a slight tendeney to disproportionate to Hg and 
Het. Tf a solution of a mercurous salt is treated with a reagent that removes 
Hgtt from solution, the mercurous ion decomposes to form more Hg** and 
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mercury, and is eventually consumed. Thus we have reactions such as 


Hest + HS = HeS + He + 2nt 
Hes * + 20H- = HeO + He + H.O, 


and consequently no mercurous oxide or sulfide exists. Among the mercurous 
salts that do exist are the halides, the nitrate, perchlorate, and sulfate. 


16.11 TRANSITION-METAL COMPLEXES 


Throughout our discussion of inorganic chemistry we have referred to the 
existence of complex ions such as BFy, Ag(NH3)f, Fe(CN)¢3%, and others. 
These complex tons, and neutral complex compounds as well, have distinctive 
properties that may be quite unhke those associated with their constituent 
molecules and ions. Because of their electronic structure, the transition metals 
form a large number of complex compounds, and a major part of current 
research in chemistry is devoted to the study of transition-metal complexes. 

In general, a complex ion or compound consists of a central atom closely 
surrounded by a number of other atoms or molecules that have the property 
of donating electrons to the central atom. The central atom in a complex is 
sometimes called the nuclear atom, and the surrounding species are called co- 
ordinating groups or ligands. The nearest neighbor atoms to the nuclear atom 
constitute the first or inner coordination sphere, and the number of atoms im 
this first coordination sphere is the coordination number of the nuclear atom. 
A complex compound is distinguished from any other type of chemical com- 
pound by the fact that both the central nuclear atom and the hgands are 
capable of independent existence as stable chemical species. 

As suggested above, the hgands in a complex compound, in general, donate 
electrons to the nuclear atom, which is usually an electron-deficient species. 
The word “donate” must not be overinterpreted, however, for im many instances 
it is not clear whether the hgand-nuclear atom interaction truly mvolves the 
sharing of electrons or is better described as Coulomb attraction between 
oppositely charged ions. In either case we can expect that the most stable 
complexes will be formed by small highly charged positive lons interacting with 
clectron-donating atoms. This crude analysis accounts in some measure for the 
frequeney with which transition-metal ions i particular form complexes with 
such species as NH3, H2O, C17, and CN7~. There are many subtle features 
associated with the stability of complex ions, however, and we shall investigate 
some of them after discussing the geometric properties of complexes. 


Stereochemistry 


Complexes with coordination numbers from two to nine are known, but most 
exhibit two-, four-, or sixfold coordination and have structures with the geom- 
etry illustrated in Fig. 16.2. Twofold coordination occurs in the complexes of 
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Cu(1), Ag(1), Au(I) and some complexes of Hg(II); common examples are 
Cu(CN);, Ag(NH3)7, Au(CN)>, and Hg(NH3)37. Fourfold coordination 
with tetrahedral geometry is common among complexes of the nontransition 
elements, but occurs with less frequency in transition-metal complexes. The 
ions ZnCl, Zn(CN),, Cd(CN),, and Hge(CN), all have the tetrahedral con- 
figuration, but this geometry is otherwise fairly rare in the transition series. 


oP a Pre ie 
—~ sy BW 


Common shapes for complex ions: (a) linear, (b) square planar, (c) tetrahedral, (d) octa- 
hedral. (After K. B. Harvey and G. B. Porter, Physical Inorganic Chemistry. Reading, Mass.: 
Addison-Wesley, 1963.) 


Fourfold coordination with square planar geometry occurs in complexes of 
PddI), Pt(I), Ni(iT), Cu(II), and Au(III). For most other ions this arrange- 
ment of ligands virtually never occurs. Sixfold coordination 1s the most common 
and occurs only in one geometric form, the octahedron. 

A ligand that 1s capable of occupying one position in the inner coordination 
sphere and forming one coordinate bond to the nuclear atom is called a unidentate 
ligand. Examples are F~, Cl-, OH, H2O, NH3, and CN~. When a ligand 
has two groups that are capable of bonding to the central atom, it is said to be 
bidentate. Common bidentate ligands are ethylene diamine, NH»CH»CH oIN Ho, 
where both nitrogen atoms can act as coordinating groups, and the oxalate ion, 
which has the structure 


a va 
\ Vl 
C—C 
a Aoi SS 
O OT 
Because the two bonds from a bidentate ligand appear to enclose the metal 
atom in a pincerlike structure, the resulting compound is known as a chelate 


(Greek, chele-claw). Other ligands which have up to six coordinating groups 
are known, and the most common example is versene, or ethylene diamine 
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om CH, 
a aN 
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O—— | Pp 2 The ethylene diamine tetra-acetic complex of 
ee TN CHo iron. The oxygen and nitrogen atoms occupy 
faa CH the corners of an octahedron with the iron 
| atom at the center. 
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C 
II 
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tetra-aeetie acid. The way in which versene oceupies all six positions in the 
inner coordination sphere is shown in Fig. 16.3. 

Several types of isomerism oeeur among complex ions. Structural tsomerism 
is illustrated by the following example. There are three distinet eompounds 
with the same formula: Cr(H2O).Cls. One of these, violet in eolor, reaets 
immediately with AgNOg3 to precipitate all chlorine as AgCl. A seeond, light 
green i eolor, also reaets with AgNO3, but only two-thirds of the chlorine is 
precipitated as AgCl. The third compound, dark green, releases only one-third 
of its chlorine to be precipitated as AgCl. On this basis the formulas might be 
written 


[Cr(H20).]Cls (violet), 
(CrCl(H20)5]Cl. : H,O (light green), 
[(CrClo(H20),4)]Cl - 2H2O (dark green), 


where the species within the brackets are regarded as ligands bonded to the 
eentral chromium atom with some permanency. This assignment 1s substan- 
tiated by the fact that exposure of these eompounds to drying agents results in 
the loss of zero, one, and two moles of water, respectively. Thus these struetural 
isomers differ in the composition of their first coordination sphere and have 
noticeably different properties. Other similar examples are known, for instance 


[(Co(NH3)4CloJNO> and [(Co(NH3)4(Cl)(NOzQ)JCI. 
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FIG. 16.4 


FIG. 16.5 


FIG. 16.6 


FIG. 16.7 
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Cl Cl 


Cl NH, 
~~ NHg Cl 
(a) (b) 


Geometric isomers of dichlorodiammineplatinum(ll): (a) c/s isomer, (b) trans isomer. 
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Geometrical isomers of octahedral Ma4b2 complexes: (a) cis isomer, (b) trans isomer. 
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The geometrical isomers of dichlorotetraaminecobaltclI1) ion. 


oy 


Schematic drawing of the geometry of the optical isomers of an octahedral complex with 
bidentate ligands. 
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Besides the struetural isomers, there are geometrical tsomers which have 
coordination spheres of the same composition but different geometric arrange- 
ment. As a simple example of geometrical isomerism, consider the oecurrence 
of cis and érans isomers of diehlorodiammineplatinum (JJ), shown in Tig. 16.4. 
Cis and trans isomers of square planar complexes of the type Masbs can oeeur 
beeause although the ligands may be equidistant from the eentral atom M, 
they are not all equidistant from each other. Consequently it is possible to 
distinguish between ligands that lie next to each other on an edge of the square, 
and those that lie opposite cach other on the square diagonal. In tetrahedral 
complexes, all four ligands are equidistant from eaeh other, and c7s-trans 
isomerism is not possible. 

Geometrical isomerism is possible for oetahedral complexes of the type 
Maybe, as Fig. 16.5 shows. Any two corners of an oetahedron are cis to each 
other if they are linked by a single edge of the octahedron, while the trans posi- 
tions lie on opposite sides of the metal atom. Tor example, two geometrieal 
isomers of the complex ion [Co(NH3)4Clo]* exist: a cis isomer (violet) and a 
trans isomer (green), and they have the structures shown in Fig. 16.6. 

Another important stereochemical feature of transition-metal eomplexes is 
optical isomerism. A molecule that laeks a plane or point of symmetry can exist 
in two nonequivalent forms that are mirror images of each other. These two 
forms are related as the right hand is to the left and eannot be superimposed on 
each other. Figure 16.7 illustrates the geometry of the optical isomers of a 
complex ion in whieh the ligands are bidentate. These optieal isomers are 
identieal in all respeets except that one isomer rotates the plane of polarized 
light to the left, while the other rotates the plane of polarization to the right. 
Optieal isomerism also oeeurs in organie moleeules, and is discussed further in 
Section 17.8. 


Nomenclature 


Many eomplex ions, for example the ferrocyanide ion, Fe(CN)¢ *, have aequired 
eommon names that are fairly deseriptive of their composition. As more com- 
plicated complex ions have been synthesized, it has been necessary to adopt a 
systematic naming proceedure. The following rules are suffierent to name many 
of the eommon eomplexes. 


1. Ligands are assigned names as in Table 16.12. The names of anionie ligands 
end in 0, while for neutral ligands the name of the molceule 1s used. Exeep- 
tions to the latter rule are water, ammonia, earbon monoxide, and nitrie 
oxide, whieh are named as indieated m Table 16.12. 


2. In naming a eomplex, the ligands are given first, with the Greek prefixes 
di, tri, tetra, etc., to indicate the number of identical ligands present. 


3. The name of the central atom is given next, followed by its oxidation state 
designated by a Roman numeral enclosed in parentheses. 
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Table 16.12 Names of coordinating groups 


Ligand Name Ligand Name 
H20 aquo OH hydroxo 
NH. ammine C07 oxalato 
O4 Oxo SOF sulfato 
Cle chloro CO carbonyl 


CN”~ | cyano NO nitrosyl 


4. If the complex is a cation or neutral molecule, the name of the central atom 
is left unchanged. If the compound is a negative complex ion, the name of 
the central atom is made to end in afte. As examples we have 


[Ag(NH3)ol", diamminesilver (I) ion, 
VANCMIZE yp tetraammuinezine (II) 10n, 
[Co(NH3)3(NOg)sl, triamminetrinitrocobalt (III), 
Lea] ela: hexachloroplatinate (IV) ion, 
[PeCeN ye) hexacyanoferrate (II) ion, 
[Fe(CN)g¢]~°, hexacyanoferrate (III) ion. 


For complexes that have common names, it is convenient to avoid using the 
sometimes cumbersome systematic names. [or the more complicated and 
obscure complexes, however, use of the systematic name is necessary. 
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Like all other compounds, transition-metal complexes owe their stability to the 
lowering of energy that occurs when electrons move in the field of more than 
one nucleus. Therefore, the theories of bonding in the transition-metal com- 
plexes do not differ fundamentally from the theories used to discuss other 
chemical bonds. However, the bonding in transition-metal complexes does 
involve some new features that were not emphasizcd in our discussions of other 
systems. First, the d-orbitals of the transition-metal atom are involved in the 
bonding to the hgands. Second, it is important to take explicit account of the 
behavior of the nonbonding electrons. Third, it is interesting to examine not 
only the lowest electronic states, but also their excited clectronic states, for it 
is the existence of these states that is responsible for the light absorption and 
color of the ions. Finally, the magnetic properties of transition-metal complexes 
are very important, and should be satisfactorily explained by the bonding 
theories. There are three important approaches to the problem of bonding in 
transition-metal complexes, and we shall now discuss each briefly. 
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Crystal-Field Theory 


In the erystal-field theory, the bonding between the central metal jon and its 
ligands 1s assumed to be purely clectrostatic, due either to the attraction 
between oppositely charged ions or between the central positive ion and the 
negative end of dipolar molecules. This is an extreme picture that is probably 
never rigorously accurate, but it does have the virtue of simplicity. Because 
erystal-field theory assumes electrostatic bonding in complexes, it does not 
pretend to explain the nature of the metal-ligand bonds. The theory does, 
however, attempt to explain the effects of the ligands on the energies of the 
d-clectrons of the metal ion and in this way helps us to understand the magnetic 
properties of complexes and their absorption spectra. 





Six ligands of an octahedral complex defining a 
cartesian coordinate system. 


The conclusions of crystal-field arguments depend on the spatial arrangement 
of the ligands about the central transition-metal ion. Because sixfold coordina- 
tion with regular octahedral geometry occurs so frequently in complex ions, let 
us begin our discussion to this case. Imagine a transition-metal ion in free space. 
In this condition, the energies of its five valence d-orbitals are the same, or as 
is often stated, the orbitals are degenerate. Now imagine six ligands placed 
symmetrically around the central 1on so as to define a cartesian coordinate 
system, as shown in Fig. 16.8. As the ligands are brought close to the central 
ion, there is a general lowering of the energy of the entire system due to the 
electrostatic attraction between the metal ion and the ligands. Now the five 
d-orbitals of the metal ion are not spatially equivalent, as Fig. 16.9 shows. 
Two of them, d,2_,2 and d,2, have their greatest electron density in directions 
that he along the cartesian coordinate axes. The other three d-orbitals, dz, 
d,z, and d,z, have their greatest density in regions between the coordinate axes. 
The former pair of orbitals is often designated as dy- or e,-orbitals, while the 
latter three are called the d- or tg,-orbitals. As the negative ligands are brought 
near the central ion, electrons in the e,-orbitals feel a stronger electrostatic 
repulsion from the ligand than do electrons in the fg,-orbitals, because the 
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The 3d-orbitals. (Adapted from K. B. Harvey and G. B. Porter, Physical Inorganic Chemistry. 
Reading, Mass.: Addison-Wesley, 1963.) 


e,-orbitals are more concentrated along the coordinate axes where the negative 
ligands are situated. Thus the presence of the ligands “splits” the d-orbitals 
into a higher energy pair of e,-orbitals and a lower energy triplet of fo,-orbitals, 
as lig. 16.10 shows. 

The magnitude of the crystal-field splitting of the d-orbital energies 1s usually 
designated by Ay. The magnitude of this quantity depends, according to erystal- 
field theory, only on the metal ion-ligand distance, the mean electron-nuclear 
separation for a d-electron, and the charge or dipole moment of the ligand. 
The smaller the metal-ligand distance, the larger the average d-electron—nucleus 
separation, and the larger the charge or dipole moment of the ligand, the larger 
is the splitting Ay. In general, the predicted values of Ag based on crystal-field 
theory calculations are not highly accurate and give only fair estimates of 
splitting of the d-orbital energies. 

Experimental values of Ap can be derived from the absorption spectra of com- 
plex ions. In the simplest cases, the absorption of light by a complex ion is 
accompanied by the excitation of an electron in one of the lower f2,-orbitals to 
an e,-orbital. The energy that corresponds to the frequency of the light most 
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Isolated atom 








Complex 
The splitting of the d-orbital energies by the octahedral ligand field. FIG. 16.10 
=n 
hv= Ao Jenergy 
schematic representation of the absorption of light by [Ti(H20).] +3, showing the excita- FIG. 16.11 


tion of an electron from a t2,- to an e,-orbital. 


strongly absorbed is equal to A. For example, the hexaaquotitanium (III) ton, 
[T1(H20),]*%, has an absorption band in the visible region, and the absorption 
is strongest at wavelengths of approximately 5000 A. This absorption gives the 
ion its purple color and corresponds to the excitation of the single d-electron in 
Tit? from a te,- to an e,-orbital, as shown in Fig. 16.11. 


Table 16.13 Crystal-field splittings, Ao (kcal/mole) 


Ligand 

Metal ion 

H20 NH3 CN- 
Timeless 58 
VIII) 3d? 51 
Cr (Ill) 3d? 50 62 75 
Mn (Ill) 3d? 60 
Fe (Ill) 3d° 39 
Mn (Il) 3d9 22 
Co (Ill) 3d® 53 65 97 
Fe (Il) 3d® 30 94 
Co (Il) 3dé 28 29 
Ni (Il) 3d8 24 31 
Cu (Il) 3d° 36 | 43 | 


Table 16.13 gives a few of the values of Ag for the various transition-metal 
ions and ligands. While the value of Ag is approximately constant for ions of a 
given charge with the same ligand, changing the ligand does change Ag, and thus 
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alters the absorption spectrum associated with the metal ion. It is this ehange 
in the erystal-field splitting of the d-orbital energies that is responsible for the 
color change that oeeurs when one ligand is replaced with another. Irom 
measurements of the absorption speetra, it 1s possible to arrange the eommon 
ligands 1n the order of the value of Ap they induee m any metal ion. This spectro- 
chemical series is as follows: 


Br” < Cl < F" < OH” < C.0, < H50 = NH; —h07 oe 


where Ag increases from left to right. The order of a closely related set of ions 
like the halides ean be understood, for the smaller the ion, the smaller 1s the 
ligand—central ion separation, and the larger is the splitting, according to the 
erystal-field theory. It is important to note, however, that the erystal-field 
theory eannot explain the order of the entire spectrochemieal series, and con- 
sequently the eleetrostatic picture of the bonding in transition-metal complexes 
must be an oversimplifieation. 

The magnetie properties of the transition-metal complex ions can be under- 
stood with the aid of crystal-field theory. Compounds composed of moleeules 
or ions that have unpaired electron spins tend to be drawn into a magnetic 
field. If, when the magnetic field is removed, the material retains a permanent 
magnetization, it is said to be ferromagnetic. If, however, the sample loses its 
magnetism when the field is removed, it is said to be paramagnetic. Materials 
that have no unpaired electrons tend to move out of magnetic fields and are 
designated as diamagnetic. Complex compounds of the transition-metal ions 
very Often have unpaired eleetron spins and are therefore paramagnetic. For 
example, beeause the three ty,-orbitals have the same energy in an oetahedral 
complex, any central atom or ion that has three valenee d-eleetrons will have 
one electron in each ¢g,-orbital, and these eleetrons will have the same spin, 
just as the three p-eleetrons in the nitrogen atom have the same spin. The 
magnetic properties of such a complex, [Cr(H2O),]*, for example, do in fact 
indicate the presence of three unpaired electron spins. 


“i | 


Orbital occupancy scheme for a d* complex Ae knergy 
ion in which the crystal field splitting Ag is 


small. | 
of fai pS | 


If the central atom has four d-electrons, the electron configuration to be 
expected is not so obvious. After the three fo,-orbitals are half-filled, the fourth 
electron may be accommodated in one of the higher-energy e,-orbitals, or it 
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may enter one of the fg,-orbitals at the cost of some energy associated with the 
coulomb repulsion of two electrons in the same orbital. Which of these two 
alternatives occurs depends on which is energetically the most favorable. If 
the crystal-field splitting Ag is small, then the fourth clectron will be accom- 
modated in an e,-orbital, as shown in Fig. 16.12. If the splitting of the orbitals 
is large, however, it is energetically more favorable for the fourth electron to 
enter an already half-filled tg,-orbital than to go into a high-energy e,-orbital. 


Energy Orbital occupancy scheme for a d4 complex FIG. 16.13 
ion in which the crystal field splitting A, is 
large. 


ae 


This situation is represented in Fig. 16.18. Thus if the splitting is small, there 
will be four unpaired electrons and if the orbital splitting is large, there will 
be only two electrons with unpaired spins. The former “high-spin” case has a 
larger paramagnetism associated with it than does the latter “low-spin” situation. 


Orbital occupancy for the high- and low-spin states of the d°-, d®-, d7-configurations. FIG. 16.14 








Our discussion can be extended to central ions with d°, d®, and d’ valence- 
electron configurations. Figure 16.14 shows the orbital occupancy for the high- 
and low-spin states of these ions in octahedral crystal fields. The high-spin 
states are expected in complexes in which Ag is small; that 1s, complexes which 
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have ligands that lie in the first part of the spectrochemical series. J.ow-spin 
complexes are those whose ligands fall in the latter part of the spectrochemical 
series. 

Some examples that illustrate the foregoing discussion are the following. 
The ion Fet® has a d°-configuration, and as the aquo-complex, exists in the 
high-spin state (to,)°(e,)*.. The crystal-field splitting induced by the cyanide 
ion is much larger than that produced by the water molecule, and it is not too 
surprising that in the ferricyanide ion, [ke(CN)¢]~°, iron is in the low-spin 
state (te,)°. Similarly, in [Col*g]~°, cobalt (d®) is in the high-spin state 
(to,)*(e,)?, while in [Co(NHg)g]*%, the low-spin configuration (fgg)° is found. 
Ions like Tit?(d!), V*°(d?), and Crt?(d*), have unique d-electron configura- 
tions that are unaffected by the crystal-field splitting, and thus these ions are 
always found in a high-spin state. 





The structure of a tetrahedral complex and its relation to a cube centered at the nuclear 
atom. 


Recognition of the fact that the hexa-aquo complexes of Mnt* and Fe*® exist 
in the high-spin (fo,)* (e)?-configuration leads to an explanation of why these 
ions are only very weakly colored. Manganous ion is a very pale pink, and ferric 
ion is a very pale violet in solutions acidic enough to prevent its hydrolysis and 
polymerization. In these ions, excitation of a tgg-electron to an e,-orbital requires 
a change in electron spin (see Fig. 16.14) during the process, and this 1s a highly 
improbable event. Thus these ions absorb only a very small fraction of the light 
incident on them and appear to be virtually colorless. 
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Tetrahedral geometry occurs in a few transition metal complexes such as 
CoCl,, MnBrqz, and FeCl, so it is of interest to examine the d-orbital energy 
level pattern for this structure. To begin, consider Fig. 16.15, which shows that 
placing ligands at alternate corners of a cube centered on the nuclear atom 
produces a complex with tetrahedral geometry. If the coordinate axes are taken 
to be perpendicular to the faces of the cube, then it is easy to see that the d- 
orbitals divide into two groups. The d22- and dz2_,,-orbitals point directly at the 
faces of the cube and bisect the tetrahedral angle between the ligands. The 
dz,-, dzz-, and d,,-orbitals have lobes that point directly at the edges of the cube, 
and thus are close to the ligands. Consequently, an electron in one of these latter 
three orbitals feels more repulsion from the electron clouds of the ligands than 
does an electron in the dz2- or dz2_,2-orbital. As a result, splitting of the d- 
orbitals in a tetrahedral complex is as indicated in Fig. 16.16, with the magnitude 
of the splitting A; generally less than the splitting in octahedral complexes with 
the same ligands. Because the splitting parameter A; is small, there are no known 
low-spin tetrahedral complexes. The energy to be gained by moving an electron 
from the dz,-, dzz-, or dyz-orbitals to either of the dz,—y,- and d,,-orbitals is 
evidently always small compared to the energy lost through electron-electron 
repulsion. 
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The splitting of the d-orbital energies by a tetrahedral ligand field. 


To find the orbital energy-splitting pattern characteristic of square-planar 
complexes it 1s easiest to begin by imagining an octahedral complex with the two 
e,-orbitals lying above the three f,-orbitals. Then consider the effect of gradually 
withdrawing the two ligands which are along the z-axis while diminishing the 
metal-ligand distance along the z- and y-axes. The result of this so-called 
tetragonal distortion of the octahedron is shown in Fig. 16.17. Withdrawing 
the two ligands along the z-axis diminishes ligand-electron repulsion and thus 
lowers the energy of an electron in the d,2-orbital. Correspondingly, shortening 
of the metal-ligand electron-ligand repulsion, raises the energy of the dz2_,2- 
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FIG. 16.17 


orbital, as is indicated in Fig. 16.17. The energy of the d;,-orbital is also raised, 
since this orbital has its greatest density in the xy-plane and experiences greater 
repulsion from the ligands in the ry-plane as they are brought closer to the metal 
atom. In contrast, the d,.- and d,,-orbitals decrease in energy, since they point 
out of the zy-plane. The square-planar complex is the limiting case of a tetragon- 
ally distorted octahedral complex, with the two lhgands along the z-axis com- 
pletely removed. 
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Octahedral Tetragonal Square-planar 


Correlation between the energies of d-orbitals in octahedral, tetragonal, and square-planar 
complexes. 


As Fig. 16.17 shows, a square-planar complex has two d-orbitals of low energy, 
two more of intermediate energy, and one (dz2—,2) of quite high energy. Con- 
sequently, square-planar complexes are most likely to be formed with d®- and 
d®-ions, since in these situations the high-energy dz2_,2-orbital is either empty or 
only half-filled, and the other four d-orbitals lie fairly low in energy. Complexes 
of the d®-ions Pt(II), Pd(II), Au(III), Rh(I), and Ir(J) are usually square- 
planar, as are most complexes of Ni(II). Complexes of the d®-ion Cutt are 
either octahedral with substantial tetragonal distortion, or square-planar. 


Valence-Bond Theory 


730 


In this approach, cach ligand is assumed to donate a pair of electrons to the 
metal ion to form a coordinate covalent metal-ligand bond. The eriterion for 
bond formation in an octahedral complex is that the metal ion have available 
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six vacant equivalent valence orbitals, so that the valence bonds can be “made” 
from the overlap of orbitals on the metal with those on the ligands. Six equiva- 
lent orbitals on the metal ion can be formed as a d*sp°®-hybrid set. Specifically, 
the orbitals that would be used for an ion of the first transition series are 
the two 3e,-, the 4s-, and the three 4p-orbitals. The three 3¢2,-orbitals on 
the metal ion do not participate in the bonding. Thus formation of the complex 
[(Cr(NH3)6]*° from Crt? and the ligands would be represented by 


d S p 


aS a — 
ort TD i ely [erON Es) cle. f' Tat 


where the configuration on the left is that of the free metal ion, and on the right 
the twelve electrons shared with the ligands are indicated. 

Application of the valence-bond theory to complexes of Co(III) and Ni(II) 
reveals some significant points. The configuration of the free Cot? ion is 


Set is tl. 
3d 4s 4p 





To form the vacant d?sp? hybrid orbitals, two of the d-electrons must be 
rclocated, and this is accomplished by placing them in two other half-filled 
d-orbitals to give the configuration 


Mert Py 
3d As 4p 


From this configuration, d?sp* hybrid orbitals that accept twelve electrons 
from the ligands can be formed. The resulting complex has no unpaired electrons, 
and therefore should not be paramagnetic. Indeed, ions like [Co(NH3),]*? and 
[Co(CN)g¢]—* have no unpaired electrons, as the theory suggests. 

The ion [Col’.]~? is paramagnetic, however, despite being isoelectronic with 
the other complexes of Co(III). The rationalization of this observation is that 
the metal-ligand bonding in [CoI’s]~° is not covalent, but ionic, and conse- 
quently the cobalt ion in the complex retains the configuration it has in the 
free state with four clectron spins unpaired. Thus just as crystal-field theory 
rationalizes the high- aud low-spin complexes of Co(III) in terms of the mag- 
nitude of the splitting parameter A associated with the various ligands, valence- 
bond theory rationalizes the same phenomena by suggesting that some ligands 
are ionically bonded to the metal while others are bonded covalently. 

The sharp distinction between ionic and covalent complexes that results 
from valence-boud theory is not particularly satisfactory. For example, with 
one exception, all the octahedral complexes of Ni(II) are paramagnetic, and 
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this must mean that all octahedral complexes of Ni(II) are ionically bonded if 
the valence-bond theory is accepted. Various experiments make this conclu- 
sion seem very unlikely and foree the conclusion that the simple valence-bond 
theory of metal-ligand bonding is not entirely satisfactory. 


Ligand-Field Theory 


In this approach, it is imagined that molecular orbitals are formed by the over- 
lap of orbitals from the ligands with the atomic orbitals of the central atom. 
These molecular orbitals may be of a bonding, antibonding, or nonbonding 
character. Depending on the nature of the metal and the ligand, the bonding 
orbitals may be of a covalent type, where the electrons are shared approximately 
equally between the metal and ligands, or they may concentrate most electron 
density on the ligands, and thereby represent ionic bonding. The nonbonding 
orbitals in octahedral complexes are simply the d,,-, dz.-, and d,-,-orbitals of 
the central atom. The antibonding orbitals are similar to the bonding orbitals 
except that they lie higher in energy and have nodes or regions of low clectron 


density between the central atom and the ligands. 
Antibonding 
orbitals 


since free Ni** has the configuration 


Energy 





Yiz Yr_y? 


Nonbonding 
orbitals 
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o-bonding 
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FIG. 16.18 Qualitative molecular-orbital energy- 
level diagram for octahedral com- 
plexes. 
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The energy-level pattern for the molecular orbitals of an octahedral complex 
is given In Fig. 16.18. The six orbitals of lowest energy are g-bonding orbitals, 
and are filled by six-eleetron pairs from the ligands. The nonbonding fg, atomic 
orbitals and the first two antibonding orbitals are filled according to the number 
of electrons available, the energy difference between the orbitals, and the mag- 
nitude of the repulsion between two electrons in the same orbital. In effeet, 
the ¥% and Wys_,2 antibonding orbitals in ligand-field theory take the place of 
the d,2 and d,2_,2 atomic orbitals used in crystal-field theory. Ligand-field 
theory differs from the valence-bond approach by recognizing the existence of 
the antibonding as well as the bonding and nonbonding orbitals. The orbital 
occupancy diagram in Fig. 16.19 shows how, by using the ligand-field energy- 
level scheme, we can explain the high-spin complexes of Ni(II) without having 
to invoke ionic bonding between the metal ion and the ligand. It is this ability 
to account for magnetic properties without forcing postulates of unreasonable 
forms for metal-ligand bonding that is one of the most satisfactory features of 
ligand-field theory. 


Antibonding 
orbitals 
“= i 


Piz Wrey? 


Nonbonding The orbital occupancy diagram for a 
orbitals high-spin d8-complex. 
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o-bonding 
orbitals 








There are a number of consequences of the splitting of the energies of the d- 
orbitals of transition metal ions by the electric field of surrounding ligands. 
Consider first the apparent ionic radii as derived from the interionic distances 
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in the metal (II) oxides MO. These compounds have the rock-salt structure, 
with each metal ion M** surrounded by six oxide ions located at the corners 
of a regular octahedron. The variation in the apparent radu of the MT ions 
is displayed in Fig. 16.20. If we look first at the ions CatT(d°) Min’ "@), and 
Znt*(d'°), all of which have spherical electron distributions, we see that there is 
a general decrease in ionic radius with increasing nuclear charge. However, 
the ions Tit+ and V** are much smaller than would be expected by interpolating 
between Catt and Mntt. The reason for this is quite straightforward. In 
Vt the three d-electrons occupy the tgg-orbitals which are principally directed 
between the coordinate axes where the surrounding oxide ions lie. The e,-orbitals, 
which point directly toward the oxide ions, are empty in Tit and V*", and 
therefore the oxide ions can reside closer to the metal ion in these compounds 
than in MnO or ZnO, where the e,-orbitals are half- and completely filled, 
respectively. 
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Variation of the radius of the doubly charged ions of the first transition series. 


A similar rationalization can be applied to behavior observed for the ions 
between Mn++ and Zn+t. In Fett, Cott, and Nitt, the e,-orbitals are no 
more than half-filled, and the radii of these ions are less than the values inter- 
polated from the radii of Zn** and Mn**, Thus the behavior of the d-electrons 
in the ligand field provides a very satisfactory explanation for the observed 
variation in lonic radi. 

In Fig. 16.21 the variation of the enthalpy of hydration of the doubly charged 
ions of the first transition series is displayed. Considering only the spherical 
ions Ca++, Mnt+, and Zn**, we see the expected trend of increasing hydration 
enthalpy with diminishing size and increasing nuclear charge. However, the 
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ions Tit*, V**, and Crtt are more stable in aqueous solution than would be 
expected from interpolation between Catt and Mnt+. This extra stability 
is a result of the fact that in Ti*T and V™™, the d-electrons occupy to,-orbitals 
which are directed between, rather than at, the six nearest water molecules. In 
Cr**, there is only one electron in a relatively unstable ¢,-orbital. However, in 
Mn*™*, both the e,-orbitals are occupied, the electron distribution is spherical, 
and there is no extra ligand field stabilization energy derived from having the d- 


electrons avoid the ligand regions. 
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Variation of the hydration energies of the doubly charged transition meta! ions. FIG. 16.21 


A similar argument applies to the variation in the hydration enthalpy observed 
between Mnt* and Znt?. In Fett, Cott, and Nit™, the e,-orbitals are never 
more than half-filled, and there is a ligand field stabilization derived from having 
most of the electrons in tg,-orbitals. This effect is diminished in Cut? which has 
a d° configuration, and is lost totally in Zu **, where all d-orbitals are occupied. 
Ligand field stabilization effects resulting from favorable occupation of d- 
orbitals are observed in many other complexes of the transition metal ions. 


Transition Metal Carbonyls 


The carbonyls are compounds of the transition metal elements with carbon 
monoxide. They are rather remarkable substances in which the metal atom 
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has a formal oxidation number of zero. It has already been mentioned that nickel 
carbonyl is formed readily by the direct reaction of carbon monoxide with metallic 
nickel at room temperature: 


Ni(s) + 4CO(g) = Ni(CQ)4(g). 


Iron carbonyl also can be made this way, but a temperature of 200°C and 
100 atm of CO are required: 


Fe(s) + 5CO(g) = Fe(CO)s(g). 
In some cases, one carbonyl can be used to make another, as in 
WCl, + 3Fe(CO)5 = W(CO)¢ + 8FeCl. + 9CO, 


but more frequently, a metal halide and a reducing agent are used: 


The carbonyls which contain one metal atom with several carbon monoxide 
molecules are usually very volatile liquids at room temperature. 

The structures of some metal carbonyls are shown in Fig. 16.22. The simplest 
description of the bonding and structure of the carbonyls of the first row of 
transition elements is that the metal atom receives a pair of electrons from each 
carbon monoxide molecule so that it attains completely filled 3d-, 4s-, and 4p- 
orbitals. Thus in Ni(CQ),4 there are 10 electrons from Ni and 8 from CO to give 
18 valence electrons, which corresponds to the complete valence shell in Ixr. 
Similarly, Fe(CO)5 and Cr(CO).¢ have 18 valence electrons. In Mn (CQO) 10, 
each Mn is bonded to 5 CO molecules located at the corners of an octahedron, 
and the 2 \MIn(CO)s5 units are joined by an electron pair bond between Mn 
atoms. Thus around each Mn there are 10 electrons from the CO molecules, 
7 from the metal atom itself, and 1 from the other Mn atom, for a total of 18. 
In Co2(CO)s there is a Co—Co electron pair bond, and in addition, 2 CO 
molecules form a pair of 3-center, 2-electron bonds between cobalt atoms. Thus 
around each Co there are 6 electrons from CO molecules directly bonded to it, 
9 electrons of its own, 1 from the other Co, plus 1 electron from each of the 2 
bridging CO molecules, or a total of 18. This simple approach does not explain 
the existence of the molecule V(CO)., which has 17 valence electrons. 

In metal carbonyls, carbon monoxide molecules which are bonded only to 
one metal atom are oriented so that the \I—C=O structure is linear or nearly 
so. This is consistent with a metal-carbon g-bond being formed by donation of a 
pair of (initially nonbonding) g-electrons by CO to the metal atom. However, 
the stability of metal carbonyls and their spectral properties suggest that there 
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Structures of some transition metal carbonyls. 


is more to the bonding than just the simple M—Ca-bond. The additional bond- 
ing can occur as indicated in Fig. 16.23. One of the ¢g,-orbitals of the metal atom, 
usually nonbonding, does in fact overlap one of the 7*-antibonding orbitals of 
CO in such a way thut a a-bonding orbital can be formed between the carbon 
and metal atoms. If the metal t2,-orbitals are occupied, there can be a strength- 
ening of the metal-ligand interaction through this so-called back-bonding. The 
presence of electrons in what is still a C—O antibonding orbital should weaken 
the bonding in the carbon monoxide ligand, and there is clear spectroscopic 
evidence that this happens. Other ligands besides CO can engage in a-bonding 
with metal orbitals. For example, this is probably a major reason why CN 
complexes of transition metal ions are particularly stable. 
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FIG. 16.23 Formation of g- and z-bonds between a transition metal atom and carbon monoxide. 


Transition Metal-Organic Compounds 


Compounds of the transition metal elements with organic molecules have been 
known since 1830. However, only in the last two decades has it been possible 
to understand the nature of these substances. Many have been found to be 
valuable catalysts or intermediates in useful synthetic processes, and con- 
sequently the interest in organo-metallic compounds has become particularly 
intense. 


FIG. 16.24 The structure of the PtCI,C,H7Z anion. 





One of the first organo-metallic substances made was a salt containing the 
anion [PtCl;C.H,]~. Its formation involves replacing one of the chloride 
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ligands in the tetrachloroplatinate anion with ethylene, CoH,: 
rela -|- CoH, = [PtCl3CoH4]— ar Clive 


The structure of this anion is shown in Fig. 16.24. The ethylene molecule has its 
axis perpendicular to the plane of the PtCl3 group, and it occupies one of the 
ligand positions associated with square-planar coordination of the platinum. 

The bonding in this and other olefin-transition metal complexes is closely 
related to the bonding in transition metal carbonyls. Figure 16.25 illustrates 
the basic mechanism of bond formation. The ethylene molecule has two electrons 
in a 7-bonding orbital which can be donated to the metal atom. The constructive 
overlap between the positive lobe of the ethylene z-orbital and the positive lobe 
of a metal dsp” hybrid produces a molecular orbital which is bonding between 
the metal and ligand. In addition, there can be constructive overlap between 
the w* antibonding orbital of ethylene and one of the d-orbitals such as d;, 
which points out of the coordination plane. Any electrons which occupy this 
orbital in the atom can contribute to the metal-ligand bonding, and stabilize 
the complex. 


H 
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Formation of o- and z-bonds between a metal atom and ethylene. 


The most stable transition metal organic compounds involve the cyclopen- 
tadiene anion, C5H5, which has the structure 


Q-0°0-0-0 


where there is a CH group at each apex of the regular pentagon. Thus the 
cyclopentadiene anion has six electrons in a system of delocalized z-orbitals, 
very much like benzene. These six electrons can be denoted to a transition metal 
ion to form stable metal-ligand bonds. 
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The first compound of this type to be recognized and its structure understood 
was ferrocene, bis- (7-cyclopentadienyl) iron (II). As Fig. 16.26 shows, ferrocene 
consists of a sandwich of iron between two cyclopentadiene rings. The rings 
are staggered with respect to each other, with the apices of one ring directly 
below the sides of the other. However, very little energy is required to rotate 
the rings into an eclipsed position, and in some sandwich compounds this 
arrangement is the more stable. 


Sandwich structure of ferrocene, (C;H;). Fe. 





It is of interest to note that in ferrocene, the iron atom is surrounded by 18 
valence electrons, which corresponds to the electron configuration of krypton. 
That is, the valence shell of ferrocene contains 6 electrons from Fett, and 12 
electrons donated by the two cyclopentadiene anions. The ion (CsH5)oCom 
is isoelectronic with ferrocene, and is a very stable sandwich of Co*® between 
2 cyclopentadiene anions. Dibenzene chromium, (CsH¢)eCr is a sandwich of 
neutral chromium atom between benzene rings. It also has 18 electrons around 
the central chromium atom, but is much less stable than ferrocene. 

One of the most compelling reasons for the considerable interest of chemists 
in transition metal-organic compounds is the importance of these substances as 
catalysts. For example, a complex of rhodium (I) permits the addition of hydro- 
gen to unsaturated organic molecules by a mechanism which involves metal- 
organic bond formation. This catalytic compound is RhCl(PPh)3, where PPh3 
stands for triphenylphosphine, phosphorous with three phenyl (C5H¢) groups 
bonded to it. The mechanism of the catalysis is as follows. Hydrogen adds 
to the complex, and occupies as separate atoms two of the coordination sites 
around the rhodium: 


RhCl(PPh)3 + Hy = RhCl(PPh)2(H)(H) + PPhs. 


A molecule of the olefin to be hydrogenated (for example, ethylene) then adds 
to the sixth coordination site: 


RhCl(PPh) 2(H)(H) + CoH, = RhCl(PPh) o(H) (A) (CoH). 


The hydrogen atoms add to the ethylene molecule, which then separates as 
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ethane, CoHe¢: 
RhCl(PPh).(H) (H)(C2H4) = RhCl(PPh). -++ CoH. 


The rhodium eomplex is then ready to add a new hydrogen moleeule and begin 
another catalytic eyele. 

Transition metal eompounds are also important catalysts for polymerization 
reactions. Solid titanium trichloride is used to produce high quality polyethylene 
and polypropylene. The proeess is initiated by a reaction whieh produees an 
ethyl group (C2H;) bonded to a titanium atom at the surface of the eatalyst. 
We ean represent this surfaee atom by Ti(C2H;)L4, where L represents the 
surrounding ligands. If, as the formula indicates, one of the eoordination sites 
is vaeant, an ethylene moleeule can add to it: 


Ti(CeoHs) L, ig CeoH4 a Ti(CeH5)L4(CoH,). 


This facilitates addition of the C.H; group to the C.H4, and the result is a 
longer earbon ehain (C4Hg) bonded to titanium, and a vaeant eoordination site: 


Ti(CoH 5) L4(CoH4) == Ti(C4Ho9) one 


The metal atom is then ready to receive another ethylene moleeule, and continue 
the carbon ehain building proeess. 


16.13 CONCLUSION 


The transition metals eonstitute most of the known chemical elements and 
display an enormous range of ehemieal and physieal properties. Some of the 
behavior of these elements ean be understood through use of the general eon- 
eepts that were applied to the representative metals. That is, along any of the 
transition series, there is a general deerease in eleetropositive charaeter that is 
assoelated with the inerease in nuclear charge and ionization energy. In their 
lower oxidation states, the transition metals form oxides and halides that are 
best described as ionie eompounds. In aqueous solution, the +2 and +8 tran- 
sition-metal ions tend to hydrolyze and produee aeidie solutions. As was true 
for the representative metals, the higher oxidation states of the transition 
elements tend to be more acidic than the lower oxidation states. There are, 
however, some properties of transition metals that are not often eneountered 
among the representative metals. The transition-metal ions are often eolored, 
aud we have seen that this phenomenon is a eonsequenee of the splitting of the 
energies of the d-orbitals by the ligands surrounding the ions. The transition- 
metal ions are frequently paramagnetie, and this behavior also is a refleetion 
of the energy separation of the d-orbitals. Indeed, there is a variety of ehemieal 
phenomena that have qualitative and quantitative explanations in terms of 
erystal-field theory and its refinements, as examination of the suggested reading 
will show. 


16.13 | CONCLUSION 


741 


SUGGESTIONS FOR FURTHER READING 


PROBLEMS 


742 


Basolo, F., and R. C. Johnson, Coordination Chemistry. New York: W. A. Benjamin, 
1964. 


Cotton, F. A., and G. Wilkinson, Advanced Inorganic Chemistry, 3rd ed. New York: 
Interscience, 1972. 

Day, M. C., and J. Selbin, Theoretical Inorganic Chemistry. New York: Reinhold, 
1962. 

Douglas, B. E., and D. H. McDaniel, Concepts and Models of Inorganic Chemistry. 
New York: Blaisdell, 1965. 

Harvey, K. B., and G. B. Porter, Introduction to Physical Inorganic Chemstry. 
Reading, Mass.: Addison-Wesley, 1963. 

Heslop, R. B., and P. L. Robinson, Inorganic Chemistry. New York: Elsevier, 1963. 
Larsen, E. M., Transitional Elements. New York: Benjamin, 1965. 


Phillips, C. S. G., and R. J. P. Williams, Inorganic Chemistry, Vols. 1 and 2. London: 
Oxford Univ. Press, 1965. 


16.1 The metals Cu, Ag, and Au of group IB have properties that are very different 
from those of the alkali metals of group IA. Compare the enthalpies of vaporization 
and the ionization energies of elements in each of these two groups and suggest reasons 
why the elements of group IB are much less active reducing agents than the elements 
of group IA. 


16.2 Write balanced equations to complete each of the following. 


Ole NN 0) 1 On = Cutt(aq) + Cus seca 
Oras Za Fet++(aq) + 02 > 
Cot+(aq) + NH3(aq) + O2 > NO ee bl 


16.3 Suggest a reason why copper is a much poorer reducing agent than its neighbors 
nickel and zinc. 
16.4 Why is the complex ion [CoFg]~? paramagnetic, while [Co(CN)¢]~° is dia- 
magnetic? 
16.5 Name the following complexes. 

[Zn(NH3)4]**+ Co(NHs3)3Cls 

[FeFg]-? [Fe(CN).]~* 

[Ag(CN)2)— [Cr(H20)«] t* 
16.6 What series of steps could be used to synthesize potassium manganate and 
potassium permanganate from MnQg? 


16.7 Stainless steel is an alloy of iron with approximately 18% chromium and 10% 
nickel. Suggest a reason why this alloy is corrosion resistant. 


16.8 Give some specific examples of the influence of the lanthanide eontraction on 
the properties of the transition-metal elements. 
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16.9 Considcr a solution that contains 0.10 mole of Fe(NO3)3 per liter. Assume 
that [Fe(H20¢6]*% is a monobasic acid and calculate the hydrogen-ion concentration 
in this solution. Now consider the second acid dissociation of the complex and calcu- 
late the hydrogen-ion concentration in the solution. 


16.10 Discuss the reasons why the reduction potential for manganous ion is more 
negative than those of chromous and ferrous ions. 


16.11 In the synthesis of compounds in which metallic elements arc in high oxidation 
states, alkaline conditions are usually employed. Explain why. 

16.12 For which of the following reactions is the inercase in entropy the largest? 
[Cu(N HeCHeCHoN Hoe)e]t* + 4HeO = [Cu(H20)4]*+ + 2NHeCHeCHeN He 
[Cu(NH3)4]** + 4H2O = [Cu(H20)4]*t + 4NH3 
This question can be answered on the basis of the number of product molecules formed. 


Given that the bond energies are the same in both complexes, which will be the more 
stable with respect to dissociation? 
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CHAPTER 17 


ORGANIC CHEMISTRY 





The element carbon is unique: in combination with about a half-dozen other 
elements, it forms well over a million known eompounds and thus it has a 
chemistry which is more extensive than any other element. Smee the eom- 
pounds of carbon are involved in all life processes, it is not surprising that 
there is enormous interest in the chemistry of this element. One of the most 
intriguing problems in seience is that of uncovering the relations between 
moleeular strueture and physiological aetivity. But even apart from the bio- 
logically important eompounds and their reaetions, the richness and subtlety 
of the chemistry of carbon can aeeount for the intensity with whieh it is studied. 
In this ehapter we ean present only a brief introduction to organie ehemistry. 
We shall be eoneerned principally with elasses of organic eompounds and the 
characteristie reactions of the eompounds in each elass. Our objeet 1s to demon- 
strate the basis for systematizing the subject of organie chemistry and to convey 
something of the nature of the problems that an organic ehemist attempts to 
solve. Tirst, to see how such a large number of distinct eompounds ean arise 
from the combination of so few elements, let us exainine the moleeular strue- 
tures of the stmplest earbon compounds, the alkanes or paraffin hydrocarbons. 


17.1 THE ALKANES, OR PARAFFIN HYDROCARBONS 


As their name implies, these are compounds of carbon and hydrogen only, and 
are comparatively inert (paraffin, from the Latin, means “small affinity”). 
The alkane of simplest strueture is methane, CH4. As was diseussed in Seetion 
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11.5, there are four equivalent carbon-hydrogen bonds in this molecule, and 
the four hydrogen atoms lie at the apices of a regular tetrahedron with the 
earbon atom at the eenter. The equivalence of the hydrogen atoms is an im- 
portant structural feature of methane, and should be noted earefully, for it is 
eommon practice to represent methane and other organic molecules by form- 
ulas that disguise this property. Vigure 17.1 shows three representations of 
methane. The space-filling model and the ball-and-stiek drawing show how the 
atoms are actually loeated in spaee and demonstrate the equivalence of the 
four hydrogen atoms. The eonventional representation of methane is typo- 
graphieally eonvenient, but can be misleading. The five atoms in methane do 
not all lie in one plane, and the implieation that there are two kinds of hydrogen 
atom, those that are opposite and those that are neighbors, is zncorrect and 
must be ignored. 





a 


(a) (b) (c) 


Three representations of the methane molecule: (a) conventional; (b) ball-and-stick 
model; (c) space-filling model. 


It is the ability of one earbon atom to form strong bonds to as many as four 
other earbon atoms that ts largely responsible for the enormous number of 
organic moleeules. This begins to be evident as we examine the other hydro- 
earbons. Next in order of complexity is ethane, CoH,. Three representations 
of its strueture are given in Fig. 17.2. Once again the space-fillmng and ball-and- 
stiek pietures show the geometrie properties of the molecule, and once again 
the conventional preture must be interpreted with eare. In ethane there are 
six geometrically equivalent hydrogen atoms, three bonded to each of the two 
earbon atoms that are themselves linked by an electron-pair bond. The bond 
angles in ethane are all very close to 109.5°, the tetrahedral angle. Conse- 
quently, the simplest deseription of the bonding in ethane is that each earbon 
atom forms four sp* hybrid bonds, three to hydrogen atoms and one to the 
other earbon atom. 

It is sometimes profitable to regard ethane as a derivative of methane, formed 
coneeptually by replaeing one of the four hydrogens of methane with a CH3 
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FIG. 17.1 
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FIG. 17-2 
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H——C——H —_ 
nk 
H \ : 
(a) (b) (¢) 


Three representations of the ethane molecule: (a) conventional; (b) ball-and-stick model; 
(c) space-filling model. 


fragment. We might represent this conecpt by 
lel H H H 


| | i 
H—C—H + C—H — H—C—C_H + H. 


| | | 
H H a Te 


A fragment of a molecule, such as CHs, is called a radical, and smce CH3 1s a 
fragment of methane, it is known as the methyl radical. We shall find that 
other radicals can be formed from other hydrocarbons; the general term apphed 
to any fragment of an alkane is alkyl radical. 

Propane, C3Hg¢, can be derived conceptually by replacmg one of the six 
equivalent hydrogen atoms of ethane by a methy! radical 


Ey dai lol ISP Int Jal 


al | eile 
H—C—C --- + C—H ~ H—C—C—C—H. 


| | | | | | 
fie | H ine let 18 


The group CH3CHg, derived from ethane by removal of a hydrogen atom, 1s 
called the ethyl radical. 

The structural representations of propane shown in Fig. 17.3 demonstrate 
that the eight hydrogen atoms are not equivalent, but fall ito two groups: 
the six that are bonded to the exterior carbon atoms, and the two that are 
bonded to the interior carbon atom. Consequently, as we continuc our con- 
ceptual proccss of gencrating paraffin hydrocarbons by replacing a hydrogen 
atom on propane by a CHs group, we find two ways of making the substitution. 
If any one of the six equivalent hydrogen atoms on the exterior carbon atoms 
is replaced by CHs, the result is the molecule called normal butane, or n-butane, 
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(a) (b) 


Two representations of the propane molecule: (a) conventional; (b) ball-and-stick model. FIG. 17.3 


whose structure is represented by 


H—C—C—-C—-C—H or CH3CH2CH2CH3. 


n-butane 


On the other hand, replacement of either one of the two hydrogen atoms bonded 
to the internal carbon atom of propane gives the molecule known as isobutane. 


‘ip 
H—C—CH3 
CH; 
isobutane 


The molecules n-butane and isobutane both have the molecular formula 
C4Hj0, yet they are distinct compounds with differeut physical properties and 
slightly different chemical properties. They are examples of posztional tsomers; 
molecules that differ by the sequence in which their atoms are bonded to each 
other. Hydrocarbons like n-butane, in which no carbon atom is bonded to more 
than two other carbon atoms, are called straight-chain hydrocarbons. Isobutane, 
on the other hand, is an example of a branchcd-chain hydrocarbon, for one of its 
carbon atoms is bonded to three other carbon atoms. 

Table 17.1 contains the names, formulas, and physical constants of the 
paraffin hydrocarbons contaiiing five or fewer carbon atoms. The number of 
positional isomers increases rapidly as the number of carbon atoms inercases. 
There are five isomers of CgH 14, nine of C7Hj., cighteen of CgH)s8, and seventy- 
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Table 17.1 Some saturated hydrocarbons 


Name 


Methane 
Ethane 
Propane 
n-butane 
lsobutane 
n-pentane 
lsopentane 
Neopentane 


five of CypHoe. Despite the multiplicity of compounds, all hydrocarbon mole- 
cules have two structural features m common: 
four other atoms by four cleetron-pair bonds, and the angle between any two 
bonds is always close to the ideal tetrahedral angle, 109° 287. 


The structure of cyclopropane. 


There is another class of paraflty hydrocarbons that consists of molecules 
in which the carbon chain is formed into a ring. These are the cycloparaffins, 
and the first member of the series, eyclopropane, is pictured in Tig. 17.4. The 
earbon atoms m cyclopropane are at the apices of an equilateral triangle, and 
the hydrogen atoms lie above and below the plane of the three carbon atoms, 
In the four-earbon cycloalkane, cyclobutane, the carbon-carbon bond angles 
are nearly 90°, and the carbon skeleton forms a slightly puckered square. In 
eyclobutane and cyclopropane, then, there 1s considerable departure from the 
109.5° bond angles found in other saturated hydrocarbons. 
and other larger eyche hydrocarbons, the atoms m the ring are arranged so that 


Formula MP(°C) 
CH4 —183 
CoHg —172 
Cul —187 
CaHie —135 
(Chae —145 
Cs5Hre —130 
CHsCHeCH(CH3)2 —160 
(Chisj1@ — 20 





all the bond angles are near 109°. 
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BP(°C) 


—162 


—- 


89 


Aae 


— 


In cyclopentane 


O 
10 
36 
28 

oS) 


cach carbon atom is bonded to 





Table 17.2 The simple alkyl radicals 





CH3— CH3CH»2— CH3CHeCHe— Clay 1a hla: 
Methyl Ethyl n-propyl Isopropyl 
CH3CH2CH2eCHe— Gla lal@ abies = (CH3)2»CHCH2a— (CH3)3C— 


n-butyl sec-butyl lsobutyl tert-butyl 


Nomenclature 


The large number of organie molecules presents a formidable problem in nomen- 
elature. Many familiar organic molecules have “conmion” names, based ou 
their biologieal origin, the whim of their discoverer, or some other historiea] 
aceideut. To back up the common nomenclature, there are systematic methods 
for nammg eompounds which use the distinguishing struetural features of a 
molecule for tdeutification. Some of the formal rules of nomenclature are rather 
eumbersome, but fortunately we will need only the simplest of them to deal 
with the compounds we shiall discuss. 

Iirst, the names of the straight-chain hydroearbous are assigned as shown 
in Table 17.1. The suffix ane (from alkane) is combined with a prefix which, 
after the C4 hydrocarbons, is derived from the Greek expression for the number 
of carbon atoms im the chain. Branched hydrocarbons are regarded as alky!] 
derivatives of the straight-ehain hydrocarbon; that is, as molecules obtained 
by replacing a hydrogen atom of a stratght-ehain hydrocarbon by an alky!] 
radial. For example, isobutane is a methyl derivative of propane, and its 
systematie name Js methy! propane: 


CHs 


| 


| 
H 


isobutane or 
methylpropane 


To name other hydrocarbons in this way, the names of the alkyl radicals are 
needed; some of these are given m Table 17.2. 

The name of a branehed hydrocarbon is assigned as follows. The longest 
straight hydroearbon chain m the compound ts found and the molecule treated 
as a derivative of this hydrocarbon. As we noted above, isobutane contams a 
ehain of three carbon atoms, and is considered to be a methyl-substituted 
propane. The next step is to number the chain starting at the end of the mole- 
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cule which 1s closest to the branches. Thus we would have 


| | 


| 
eee ae CH, 
i 2 1D 6 


The positions of the alkyl substituents are given by the number of the carbon 
atom to which they are attached. The names of these alkyl groups are prefixed 
to the name of the parent hydrocarbon. Thus our examples are named 


CHs CHs 
| | 
| 
CH3 
2-methylbutane 3, 3-dimethylhexane 


The naming of compounds more complicated than hydrocarbons requires only 
minor extensions of these rules, as we shall see in the next sections. 


17.2 FUNCTIONAL GROUPS 


The multipheity of hydrocarbon structures suggests that the number of molc- 
cules that can be constructed from the combination of carbon and hydrogen 
with nitrogen, oxygen, sulfur, cte., should be virtually limitless. The prospect 
of having to master the chemistry of a significant fraction of these compounds 
would be execedingly depressing, were it not for the fact that organic com- 
pounds can be grouped into a few classes, members of which have very sunilar 
chemistry. The basis for this enormously helpful classification is the functional 
group, a group of atoms that occurs In many molecules and which confers on 
them a characteristic chemical reactivity, regardless of the form of the carbon 
skeleton. There are a number of different functional groups, but only about a 
half dozen that are of frequent occurrence. Thus mstead of having to cope 
with the chemistry of a million compounds, we need only study the chemistry 
of a half-dozen functional groups. 


Common Functional Groups 


750 


The functional groups of most frequent appearance and greatest importance 
occur in the following classes of molecules. 


1. Alcohols contain the hydroxyl group, —OH, bonded to a hydrocarbon framec- 
work. The alcohols are named after the alkyl group to which the hydroxy] 
group 1s attached, or alternatively, the final e in the name of a hydrocarbon 
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is replaced by ol. Typieal aleohols are 


‘ LTE: Se 
| ot 

OH H—C—C—OH H—C—C—C—H 
| | | ot 


H H H J3b 102" Isl 
| 
Jel 
methyl! alcohol ethyl alcohol isopropyl! alcohol 
or methanol or ethanol or isopropanol 


2. Acids eontain the carboxyl group, 


O 
Vl 
—C 
x 
OH 


whieh is often represented by —COOH. As examples we have 


O H O O O 
Vi Meee 4 NN Va 
H—C H—C—C C—C 
S ae NS Ve ~ 
O—H H O—H H—O O—H 
formie aeid acetic acid oxalie acid 


The sufhix zc is used to indieate the presence of the carboxyl group, or 
alternatively, the final e in the name of a hydroearbon is replaced by ore. 
Thus formic and aeetie aeids ean be ealled methanoie and ethanoie aeids 
respectively. 


3. Aldehydes and ketones eontain the carbonyl group, 


\ 
0) 


fo 


In aldehydes, one of the two undesignated bonds is to a hydrogen atom; in 
ketones, both bonds link the earbonyl group to earbon atoms. Thus we have 


sl CH3 
iN x 
0) —.) 
va 
CH3 CH3 
acetaldehyde aeetone 


(a ketone) 
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Alkenes incorporate the carbon-carbon double bond, 
es 
C=C 
oN 


and are sometimes called olefins. A few examples are 








Bl H CH3 IH CE. 

oe a eta TX 
— C=C Cii CHa 

iN os | | 
IE | H 0 H CH CII, 

CHa 

ethylene propylene 

or ethene or propene cyclohexene 


To name an alkene, tne ane endmg in the name of the corresponding alicane 
is replaced with ene. Sometimes the suffix ene 1s added to the name of the 
alkyl radieal that contains the appropriate number of carbon atoms. Thus 
the two-carbon alkene 1s ethylene, since the two-carbon alkyl radical is the 
ethyl radical. 


. iithers have an oxygen atom bonded to two carbon atoms, C—O—C, and in 


a sense are derivatives of alcohols. Two examples of ethers are 


CH30CH3 CH30CH2CHs3. 
dimethyl! ether methyl] ethyl ether 


Esters contain the group 
O 
We 


N 
O—C 


and are the result of the reaction between an alcoliol and an acid. Examples 
derived from acetic acid and methyl] alcohol, and from formic acid and ethyl 
alcohol, respectively, are 


O O 
Vi oO 
CH3—C II—C 
aN 
O—CH3 O—CH.2CH3 
methyl acetate ethyl formate 


The first part of the name of an ester is the name of the alkyl radical corre- 
sponding to the aleohol from which the ester is formed. The second part of 
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the name uses the suffix ate with a prefix derived from the name of the acid 
constituent of the ester. 


at 


Amines contain the amino group, —NH». These molecules ean be thought 
of as derivatives of ammonia: 


CH3NH_ CH3CH2NHo. 
methylamine ethylamine 


There are other amines in which two or three alkyl groups are bonded to 
nitroge: 


(Gun en a (CH,)-N. 


dimethylamine trimethylamine 


The naming of these compounds involves a straightforward combination of 
the names of the alkyl radieals with the suffix amine. 


The great simplifying feature of organie chemistry is that the majority of 
the chemical reactions involve changes of the funetional group only, with no 
ehange in the carbon framework of the moleeule. This observation is sometimes 
called the principle of skeletal integrity, since the earbon skeleton of an organic 
molecule remains unehanged as the funetional groups are altered. 

There are a large number of reagents, organie and inorganie, which react 
with the various funetional groups. Onee again, however, there is a elassifiea- 
tion scheme that simplifies the chemistry considerably. Most reactions of the 
functional groups fall into one of the following classes. 


1. Displacement reactions. These are processes in whieh one funetional group 
is displaced (or replaced) by another. 


Ne 


Addition-elimination reactions. Often a functional group is modified by the 
direet addition of new atoms to it. The reverse process is also possible; a 
functional group 1s sometimes changed by losing or eliminating atoms. 


3. Oxidation-reduction reactions. The name speaks for itself; some funetional 
groups call be oxidized, others can be reduced, and still others can undergo 
both types of reactions. 


There are other, less important, types of reactions of functional groups, and 
each of the three we have listed might be broken down into more subtle sub- 
divisions. Nevertheless, we have now a scheme that helps considerably to 
orgauize the chemistry of organic molecules. Let us now examine the reactions 
of the functional groups and look for specific examples of these types of reaction. 


17.3 REACTIONS OF ALCOHOLS 


Table 17.3 gives the names, formulas, and physical properties of a few alcohols. 
Methanol, ethanol, and the propanols are colorless nonviscous liquids completely 
miscible with water, but as the carbon chain lengthens, alcohols approach the 
behavior of hydrocarbons and the water solubility decreases. The alcohols in 
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Table 17.3 Physical properties of alcohols 


Name Formula MIEGU) BP(°C) 
Methyl alcohol CH30H — 97 65 
Ethy! alcohol CH3sCH20H —114 78 
n-propyl alcohol CH3CH2aCH20H —126 oy 
lsopropyl alcohol (CH3)2CHOH — 89 82 
n-butyl alcohol CH3(CH2)30H — 90 118 
lsobutyl alcohol (CH3)2CHCH20H —108 108 
sec-butyl alcohol ChHisCHOnChecHs 100 
tert-butyl alcohol (CH3)3COH 23 83 


Table 17.3 are of three different kinds, ealled primary, secondary, and tertiary, 
aceording to the number of alkyl radicals attached to the earbon atom bearing 
the —OH group. Thus we have 

Re 


| 
RCH,OH R—CHOH R—C—OH 
| | 
Re R’ 


a primary a secondary a tertiary 
alcohol alcohol alcohol 


where the symbol R is used to represent any alkyl group. 

Aleohols are named systematically as derivatives of hydroearbons, with the 
chain numbering chosen to give the atom bearing the funetional group the 
lowest number, as illustrated by 


CH3;CHCH2CHs, 2-butanol; not 3-butanol, 
OH 


CHsCHCHe.CHCHs, 4-methyl-2-pentanol; not 


| 
CH; OH 2-methy]-4-pentanol. 


The boiling points of the aleohols are higher than those of alkanes which have 
approximately the same molecular weight and number of electrons. This is a 
consequence of hydrogen bonding: the association between a hydrogen atom 
on one hydroxyl] group with a pair of eleetrons on the hydroxyl group of another 
moleeule. This hydrogen bonding suggests that aleohols can aet as very weak 
acids and bases. In faet, aleohols do aecept protons from the strongest acids, 
according to the reaction ROH + Ht = ROH?, but the equilibrium con- 
stants for such reactions are very small. The hydroxy] group is also very weakly 
aeidie, as evideneed by 


ROH + Na — RONa + 4Ha, ROH + NaOH — RONa + 4H.0. 
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Compounds of the type RONa are called alkoxides, and consist of the ions 
RO7 and Na*. The hydroxyl group bonded to an alkyl radical has only very 
limited acid-base properties: it acquires protons only from the strongest acids, 
and releases its proton to none but the strongest bases. 


Displacement Reactions 


The hydroxyl group can be displaced by a number of reagents. Typical of such 
reactions are 
HBr + Ciliz3CH2z0H — CH3CH,Br + H,O, 
ethyl bromide 


HI + CH3;30H — CHsI + H,O. 
methyl] iodide 


Displacement reactions have been investigated very thoroughly, and their 
reaction mechanisms are known. For example, the rate of the reaction of HBr 
with a primary alcohol like ethanol is found to be proportional to the concen- 
trations of H*, Br7, and the alcohol. That is, 


peetabs = hexp{Ht}[Br7][CHsCH,OH]. 


A mechanism consistent with this rate law is 


CH,CH,OH + H+ = CH,CH,OH? (fast equilibrium): 
Sheer Ols —- Pr —2> CH.CH.Br+H,0 — (slow). 


The second step is slow and rate-determining, and since it is an elementary 
process, its rate law is 


d{(CH3CH2Br] 


°7 = k[(Br_][(CH;CH,OH7]. Gi) 


Since the first step in the mechanism is rapid, and the reactants and products 
are at equilibrium, [CH;CH,OH?] = K[H*][CH3;CH,OH], and substitution 
of this expression in Eq. (17.1) gives the experimentally observed rate law, 
within, = kok. 

Further substantiation of this mechanism comes from the observation that 
the rate of displacement of a hydroxyl group by the various halide ions depends 
on the identity of the ion. That is, for 


| 
Cl—- 
Row Hh = — RX -+ H,O, 
Bre 
I- 
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the reaction rate constants are in the order Fk” < Cl” < Br” <I. The 
sensitivity of the reaction rate to the nature of the halogen shows that the 
halide ion is mvolved in the rate-determining step of the mechanism. 

Other types of investigations of these displacement reactions have provided 
a convineing picture of the way in which the halide ton displaces the protonated 
hydroxyl! group: 





V 47 V Yi, V4 
Br eee aa —> |Br---C--:-O — Br—C H + H.O. 
A oN \ © 
H H ll H H 
H 


transition state or 
activated complex 


That is, the halide attacks the “back side” of the C—O bond, and causes the 
molecule to mvert its geomctric arrangemcnt as the H2O group leaves and the 
halide becomes attached to the carbon atom. 

The mechanism we have discussed opcrates for the displacement reactions 
of primary and second alcohols. Tertiary alcohols behave somewhat differ- 
ently. The rate of the reaction 


CH, ails 
CH,—C—_OH -- H* + Br- — CH,—C—Br 4 Hee 
CH; CH; 


tert-butyl] alcohol tert-butyl bromide 


is proportional to the concentration of H* and of alcohol, but does not depend 
on the concentration of the halide ion. That 1s 


d{((CH3)3CBr] 


dt = Kexp{IE}[(CH3)3COH]. 


Moreover, the rate of rcaction does not depend on the nature of the halide ton: 
I~, Cl-, Br, and I~ all react with tert-butyl alcohol at the samc rate. Con- 
sequently, the mechanism of the displacement reaction of a tertiary alcohol 
must have a ratc-detcrmining step that does not mvolve the halide ion. A mech- 
anism consistent with these and other data is 


CH; ain 
CH;—C—OH + H+ = CH;—C—OH# (rapid equilibrium), 
CH; CH, 
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ORE CHL, 
V 


| y 
—— CHe—C +H,0 (slow), 
CHs CH 
CHs ia 
— 
CHs—C + Br- — CH3—C—Br (fast). 
NN | 
CH, CH3 


The species (CH3)3C™ is called a carbonium ton. It is a stable but very reactive 
fragment and combines rapidly with the halide ion to give the final product. 
The rate of the reaction is equal to the rate of the slow step: 


, + 


The reaction 
[(CHs3)3COH3] = K[(CH3)3;COH][H*] 
also holds, so the overall rate law is 


d{(CH3)3CBr] 


ai = k,K[H™][(CHs)3COH], 


which is what 1s found by experiment, with 
Kove == Kile. 


The displacement reactions of alcohols are good examples of how the re- 
actions of a functional group can be influenced by the nature of the carbon 
skeleton to which it is attached. Primary, secondary, and tertiary alcohols all 
undergo the displacement reaction with halides, but the reaction mechanism 
followed by tertiary alcohols is different from that followed by primary and 
secondary alcohols. The carbon skeleton thus may influence the rate and mech- 
anism of a reaction of a functional group, but usually does not change its overall 
nature. 

Before concluding the discussion of displacement reactions of alcohols, we 
might remark that alcohols can be formed from alkyl] halides by a displacement 
reaction. Thus the process 


CH3CHoBr + OH” — ChacHe@r -- lors 


illustrates a convenient way to convert an alkyl halide to an alcohol. 


17.3 | REACTIONS OF ALCOHOLS 757 


The Elimination Reaction 


The second major type of reaction that alcohols undergo is the chmination 
reaction. Two examples are 


CH.CH,OH —2“> CH=CH, + HO, 
mn CH; 
(CH) .COH —— 5 =e Bears 


~~ 


We see that the elimination reaction of alcohols 1s a “dehydration” reaction 
that forms an alkene. The dehydration of alcohols is a convenient method of 
synthesizing alkenes, and this reaction is important both in the laboratory and 
as an mdustrial process. In general, tertiary alcohols are easier to dehydrate 
than secondary aleohols, which in turn dehydrate more readily than primary 
aleohols. The facility with which tertiary aleohols dehydrate 1s a consequence 
of the ease with which these molecules form carbonium jons. Thus the mech- 
anism of the dehydration of a tertiary alcohol 1s 


CH CHs 
CHe—b_OH + H2S0O4 = CHy—C—OHE + Hoy 

br, CH, 

CHs CHg 


| we 
CH;—C—OH# — CH;—C + H,0, 


CHls CH3 
CHs H CHs 
A eA 
CH3—C — a, + Ht, 
Va 
CHs H CHs 


That is, if the carbonium ion does not combine with a negative ion, it may 
lose a protou, and become an alkene. Secondary and primary alcohols do not 
form carbonium ions readily, and their dehydration follows a slower, more 
comphcated reaction path. 


Oxidation Reactions 


The oxidation of alcohols ean be accomplished by using a variety of oxidants, 
and is an important laboratory and industrial reaction. The oxidation of a 
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secondary alcohol by dichromate ion in acidic aqueous solution is a moderately 
rapid reaction and produces a ketone as the final product. For example, 


Ns 
CV, C0 )e) oe: 
va 
if CHs 
isopropanol acetone 
CII CHI; 
OW ORG 0 — 0a es C=O 
| ZL 
H CH3CHe 
isobutanol methyl] ethyl 
ketone 


When a primary alcohol is oxidized under the same conditions, the immediate 
reaction product is an aldehyde. 


i H 7 
CH SO)2) aaa () 6) SINC) 0) sees C—O 
J 
H CH; 
formaldehyde 


The aldehydes are themselves susceptible to further oxidation, and must be 
distilled out of the reaction mixture as they are formed, to prevent their 
destruction. 

We see from the examples that the oxidation of an alcoho] produces a car- 
bonyl compound: primary alcohols yield aldehydes, and secondary alcohols 
give ketones. Tertiary alcohols cannot be oxidized without destruction of their 
carbon skeleton, and these reactions will not be discussed. 


17.4 THE REACTIONS OF ALKENES 


Molecules that have meluded in their structure the carbon-carbon double 
bond are called alkenes. These compounds are said to be unsaturated because 
one of their principal reactions is the addition of reagents to the double bond. 
In contrast, alkanes are called saturated hydrocarbons because they do not 
undergo addition reactions. A few alkenes and their physical properties are 
listed m Table 17.4. The physical properties of the alkenes resemble those of 
the corresponding saturated hydrocarbons. Alkenes and alkanes with the same 
number of carbon atoms have similar boiling and melting points, and both 
types of hydrocarbon are insoluble in water. 
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Table 17.4 Physical properties of alkenes 





Name Formula Mir Ce) BPC 
Ethylene CHa=€H» —169 —102 
Propylene CHxGHh=Cris —185 — 48 
l-butene CHy»=CHCHeCH3 — 6.5 
lsobutene (CH3)2C=CH2 —141 — 7 
cis-2-butene CHsCHe@€HCHs3 —139 1 


trans-2-butene 


= ae —— 


CHaGa=CiCr:: 2.5 


SS —— ee 








A diseussion of the cleetronre nature of the earbon-earbon double bond was 
given m Section 11.7. As noted there, the double bond can be pictured as 
consisting of a g-bond and a m-bond between two carbon atoms that are sp?- 
hybridized. This qualitative deseription, while highly approxmnate, 1s consistent 
with the geometry of the olefinie group: the doubly bonded earbon atoms and 
the four other atoms attached to them all lie in a single plane, and all bond 
angles are near 120°, as lig. 17.5 shows. 


I] 
116°" Vy 29° 
(ae 1.06A 
u we cc (C—_—_——_ H 
The structure of ethylene. BSA 
I] 


As ts also discussed in Section 11.7, the nature of the o-a double bond leads 
to the possibility of geometrical isomers. Consequently, there are two distinct 
geometrical isomers of 2-butene: 


CH: CH CHs H 
\ ya 
(| | 
WA SS vA NS 
H H II CIT3 
czs-2-butene frans-2-butene 


The tsomer c7s-2-butene has both methyl groups on the same side of the double 
bond, while im drans-2-butene the methyl groups are on opposite sides. As 
Table 17.4 shows, the two isomers of 2-butene have nearly the same boiling 
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and melting points. In addition, the two compounds have nearly the same 
molar free energies of formation: 71.9 keal/mole for e7s-2-butene, and 70.9 
keal/mole for trans-2-butene. Thus the trans isomer is the more stable by a 
small amount. 


Addition Reactions of Olefins 
The most important reactions of alkenes involve addition of reagents to the 


double bond. An olefin will rapidly consume bromine, as in the reactions: 


CHo = CH, + Bro ae ne? 
| 


Br Br 
1, 2-dibromoethane 
CH; H CH, 


Ja | 
C=C + Bre — CH3C—CHg 
Gils Jil Br Br 


isobutene 1, 2-dibromo-2-methyl propane 


These reactions can be carried out merely by passing the hydrocarbon through 
a solution of bromine in water at room temperature. The addition of bromine 
to the double bond is the basis for a simple test that differentiates between an 
alkene and an alkane. The alkanes, saturated hydrocarbons, do not react with 
bromine except at elevated temperatures or under the influence of mtense 
illumination by visible light. Consequently, if an unknown hydrocarbon is 
treated with bromine water, and the red color of bromine disappears, the pres- 
ence of a double bond in the hydrocarbon is indicated. 

An alkene can be converted to an alkane by addition of hydrogen to the 
double bond. These reactions are usually carried out by using a high pressure 
of hydrogen gas in the presence of a catalyst such as finely divided platinum, 
palladium, or nickel. 


CH3;CH=CH. + He 4, CH3;CHeCHs 


CH CHe 
ae NN aes 
CH, CH =, CH. Gite 

a 
CHs . CH, —* CHs Gite 
aA 

CHo CH. 
cyclohexene cyclohexane 


17.4 THE REACTIONS OF ALKENES 761 


762 


The halogen aeids also add to the double bond. ‘Two examples are 


Br 


| 


isopropyl! bromide 
Cl 


| 

(CH) sC=CHy HCl = sel eer 
| 
CH; 


tert-butyl chloride 


These reaetions illustrate the addition of an aeid to unsymmetrieal moleeules, 
where the two doubly bonded earbon atoms have different numbers of hydrogen 
atoms attached to them. Such reactions follow a predictable course: the hydro- 
gen atom of the acid adds to that earbon atom which has attached to it the 
greater number of hydrogen atoms. The acid anton adds to that earbon atom 
whieh has the lesser number of hydrogens. This is known as Markovnikov’s 
rule and ts further illustrated by the hydration reaction 


GH CH=CH ate. = Cu Chere 


| 
OH 


There is eonsiderable evidence that addition of aeids to double bonds proeeeds 
by a meehanism involving a earbonium ion formed by the attaehment of a 
proton to the olefin, 


CH3 
ao 
(CH )5C—CHe - Ht > CH3—C 
CH3 
The seeond step of the meehanism Is 
CH3 CH3 
ay i 
CH3z—C + Br- — CH3—C—Br 
CH3 CH3 


It is elear from this reaction that the earbon atom to whieh the anzon beeomes 
attached is the one that bears the positive eharge in the carbonium ion. The 
position of the positive eharge is determined by the position of attaehment of 
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the proton. For isobutene we have the following alternatives: 


a : CH, 
SrA | | 

C attachment of H+ here gives CH3;—C—CHs, 

| a tertiary carbonium ion; + 


C 


iN | aan 
CH; CH3 attachment of Ht here gives (CH3)2CHCHsg, 
a primary carbonium ion. 


Now there is considerable evidenee that the order of stability of earbonium 
ions Is 
R igs H 


| | | 
R—C—R more stable than R—C—H more stable than R—C—H 
a i fi 


tertiary secondary primary 


Reeall, for example, that the carbonium ion plays a role in the substitution 
and dehydration of tertiary aleohols, whieh is one indication of the relative 
stability of tertiary earbonium ions. With the order of earbonium 10n stabil- 
ities in mind, a little refleetion leads us to eonelude that the more stable 
carbonium 10n is formed if the proton attaeking a double bond adds to the 
earbon atom whieh has the greater number of hydrogen atoms attaehed to it. 
This, briefly, is the rationalization of the Markovnikov rule for addition 
reactions. 


Oxidation Reactions 


Alkenes reaet readily with a number of oxidizing agents. A simple test for the 
presence of the olefin group is the reaetion with an aqueous aeidie solution of 
permanganate ion. The purple eolor of permanganate ion disappears as the 
olefin is oxidized. The eourse of such a reaetion is illustrated by the following 


examples: 
CH, CHs CH3 
\ Va MnO; 
= CO —> 2 o—o 
va aS Te 
CH, CH3 CH; 
aeetone 
H Jal O 


a MnO7Z Vi 
x. 
OH, CH3 OH 
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That is, the olefin is cleaved into two oxidized fragments. A carbon atom with 
two alkyl groups attached 1s converted to the carbonyl group of a ketone, while 
a carbon atom with one attached hydrogen becomes the carboxyl group of an 
acid. We can summarize the general features of the reaction by writing 
H ie O)sl ieee 
\ ae MnO, ye Va 
Smale 6 toe © + 0=C 


N 
R R’ O R’ 
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The carbonyl group occurs in aldehydes and ketones. Some of these com- 
pounds have considerable importance in the chemical industry; many tons of 
formaldehyde are used every year to make plastics, and large quantities of 
acetone and other ketones are consumed as paint and lacquer thinners. The 
large number of reactions that the carbonyl group can undergo also makes 
aldehydes and ketones valuable starting materials in laboratory syntheses. 


¢ = 


Schematic representation of the bonding and nonbonding valence orbitals of the carbonyl 
group. 


The carbon-oxygen double bond that occurs in carbonyl compounds ts inter- 
mediate in length and strength between the single bond in alcohols and the 
triple bond in carbon monoxide. 


| ~ 
—C—OH =0 C=0 


| va 
1.42 A 1.22 A 1.13 A 


85 keal 170 keal 256 keal 


The detailed picture of the carbon-oxygen double bond is in many respects 
similar to that of the olefinic linkage. Conventionally the double bond is 
thought of as consisting of a o- and a m-component linking the carbon and 
oxygen atoms which are regarded as being sp?-hybridized. Thus we have the 
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situation represented in Fig. 17.6. This deseription, while crude, is consistent 
with the geomctry of aldehydes and ketones; the earbonyl group and the two 
atoms bonded to 1t lie m a single plane, and the bond angles about the carbcnyl 
carbon atom arc, m general, near 120°. 

Because oxygen is more eleetronegative than earbon, the carbonyl group Is 
polar with the oxygen atom negative. The extent of this polarity is suggested 
by comparison of the dipole moments of propylene and aectaldehyde: 


ChivCle—CH. CH3;CH=O 
Oe (Oe Dy uw = 2.65 D. 
These moleeules are isoelectronic, but the aldchyde is considerably more polar 


than the alkene. The eharge distribution in the earbonyl group can be repre- 
sented by 


ot 0m 
C=O : 
va sts 
The existence of this polarity and the presence of the pairs of nonbonded elec- 
trons on the oxygen atom suggest that aldehydes and ketones should be weak 


Lewis bases. As expected, these compounds ean be protonated by strong acids, 
as In the reaction 


CHs CHs 
Se 
CH3 CHs3 


The name aldehyde ts derived from the observation that these molecules 
can be propared by alcohol dehydrogenation at elevated temperatures, 


CHI Cla (OE = CISCO) 2 Ely 


250° C 


Individual aldehydes are named by combining the suffix al to the name of the 
longest straight-chain alkyl group. Thus we have 


L! 
CH3CH2.CHs.CHO CH3;CHCH2CHO. 
a ee 
butanal 3-methyl butanal 


The numbering of the carbon chain m sueh molecules always begins at the 
aldehyde group. 
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The designation ketone is derived from the name of the simplest such mole- 
cule, acetone. One systematic way to name individual ketones is to use the 
names of the two alkyl groups attached to the carbonyl carbon as in 


1! 
CHsCCH3 ide itt Re 
! | | 
O O CHs 
acetone or methyl ethyl methyl isopropyl 
dimethyl ketone ketone ketone 


For more complicated ketones the functional groups and substituents are 
located by number, 


CH; O 


| | 
CH3sCHCH»CCHs3 4-methyl-2-pentanone 


J eo eee 


OH O 
CH2zCH2zCCHs 4-hydroxy-2-butanone 


We see that the suffix -one indicates that the compound is a ketone, and the 
earbon chain is numbered from the end nearest the carbony! group. 


Addition Reactions 


Additions formed the most important class of reactions of the olefinic double 
bond, and they are equally important for the carbonyl] double bond. One 
reaction, characteristic only of the carbonyl group, is the bisulfite addition 
reaction, 


: I 
eo S07 = R—C—OH 
R SO; 


The bisulfite addition product is an ion that can be precipitated as a sodrum 
salt; this reaction is used as a method for separating aldehydes and ketones 
from other organic substances in mixtures. After the bisulfite adducts are 
separated and crystallized, the aldehydes or ketones can be regenerated by 
treatment of the adducts with strong acid. 

Two other addition reactions useful in demonstrating the presence of carbony! 
groups In a compound are the following. Hydroxyl amine, NH2OH, and hy- 
drazone, NH2NHbe, each add to the carbonyl bond, but the initial addition 
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products lose water to give the final compounds. 
R R R 
. | Eri50.. 
C=0 + NH,OH — R—C—OH —— C=NOH 
VA L yi 
R NHOH R 
an oxime 
R R R 
ee | ae NS 
C=0 + NHoNHo — R—C—OH ——> oe 
| 
R NHNH2 R 


a hydrazone 


These reactions are useful in identifying molecules because oximes and hydra- 
zones are often crystalline compounds with characteristic melting points. 

A very useful addition reaction of carbonyl molecules involves an organo- 
metallic compound known as a Grignard reagent. These substances are cou- 
ventionally represented by the symbol RMgX, where R is an alkyl group, and 
X is a halogen atom. Grignard reagents are prepared by the reaction of an 
alkyl halide with metallic magnesium in an ether solvent, 


ether 


CH3;CH2Br + Mg —— CH3CH2MgBr, 
RX + Mg “> RMeX. 


This preparation must be carried out in the absence of water; one reason is 
that Grignard reagents react with water to give a hydrocarbon 


RMeX + H,O — RH + 3Mg(OH)s + $MeXo. 


This reaction can in fact be used to prepare a hydrocarbon from an alky! halide. 
Grignard reagents react with carbonyl compounds in the following general 
way: 
R R 
a | 
R’MgX + C=O — R—C—R’ 
/ le ee 
R OMgX 
Water is then added to hydrolyze the addition product to an alcohol, 
1 R 
| 
R—C—R’ + H2O0 — R—C—R’ + 4Mg(OH)2 + aMgXo. 
OMgX OH 
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Thus the reaction of a Grignard reagent with a ketone leads to a tertiary alcohol. 
The reaction with aldehydes gives secondary alcohols, 


R R R 
| 
C=O + R/MeX > H—C—R’ —> H—C—R’ 


/ 
H OM¢eX. OH 


It is clear that the Grignard reaction provides a way of introducing any desired 
alkyl group into a molecule. Therefore the reaction is often useful in the syn- 
thesis of new molecules. 


Oxidation-Reduction Reactions 
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Ketones are highly resistant to oxidation; they react only with the strongest 
oxidizing agents, and the result is the destruction of the carbon skeleton. Such 
reactions are seldom of value, and we will not consider them further. In con- 
trast, aldehydes are very easily oxidized to carboxylic acids: 


Vs O 


~ Cra07 Vi 
C=O — R—C 


Vo 
H O—H 


This difference in response to oxidizing agents is the basis for qualitative tests 
that distinguish between aldehydes and ketones. Aldehydes, but not ketones, 
react with the complex ion Ag(NH3)3 to give a bright “mirror” of metallic 
silver, plated on the walls of the reaction vessel, 


RCHO + 2Ae(NH;)i + H2O — RCOO™ + 2Ag + 3NHi + NH. 


Other functional groups like aleohols and olefins are not oxidized in this manner, 
so the test is quite specific to aldehydes. 

Both aldehydes and ketones can be reduced to alcohols in a number of ways. 
For example, 


R R R R 
Pt | aN Na | 
C=0 ++ H, —"——> H—C—OH, C=—0 — = Reon 
Vi | Coll;OH | y 
R R R’ H 
CH,—CH—CHa ("3 a CH3 
CaO 1 Co R'—C—OH + c—a 


vA | | 
R? Cie H CHE 
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These examples show that reduetion of an aldehyde yields a primary aleohol, 
while a secondary aleohol is the produet of ketone reduction. The last reaetion, 
catalyzed by aluminum isopropoxide, Al(OR)s, 1s a very specifie way of reducing 
the earbonyl group without simultaneously adding hydrogen to any earbon- 
earbon double bonds. Sueh highly specific reaetions are very useful for effeeting 
desired modifieations of molecules that have more than one funetional group. 


17.6 SYNTHESES AND STRUCTURE DETERMINATIONS 


Having diseussed only a few reactions of organic moleeules, we are in a position 
to see how the business of synthesizing new molecules is carried out. Suppose 
that we wished to make 3-hexanone, and 1l-propanol was our only available 
organie eompound. The simplest way to formulate a scheme for the synthesis 
of a eompound is to work baekward from the desired moleeule. For the problem 
at hand, we know that 3-hexanone ean be prepared by the oxidation of 3-hexanol, 


GHeCH.CHCH.CH.CH; —2 aC -C8 CH 
OH O 


Now 3-hexanol is a seeondary alcohol, and thus can be prepared by the addition 
of a Grignard reagent to an aldehyde. The reaetion we need is 


H 
va 
CH3sCHoeC + CH3CHeCH2MgBr 7 CHsCHzCHCH2CH2CH3 
\ 
O OMegBr 
propanal 


CH3CH:CHCH2CH2CH; —> CH;CH,CHCH,CH.CHs 
OMegBr OH 
To earry out the preparation of 3-hexanol, then, we must have available pro- 


panal and n-propyl bromide. These can be obtained from 1-propanol in the 
following manner: 


H 


Cro07 


CH3;CH2zCH2,0H a CHsCHeCl 


CH.CH.CH,OH ——~ CH3CH,CH2Br 


The propy] bromide is eonverted to the Grignard reagent by 


ether 


CH,CH,CH.Br + Mg —“> CH3;CH2CH2MgBr. 
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Thus we have found a set of reactions that can lead to the synthesis of 3-hex- 
anone from 1-propanol. 

As a second problem, let us attempt to prepare isobutene from 1-propanol 
and methyl bromide. The final product could be obtained by dehydration of 
tert-butyl alcohol, 

CHs Clls IH 


| O04 


~ 
| fo N 
OH Cll. I] 
The necessary alcohol can be prepared from acetone and methyl Grignard 
reagent: 
CligBr + Mg — CH3MgbBr 
CH, CHls CH; 
| x | I{,0 | 
CH3MgBr + C=O — CH3,—C—CH3 —— CH3—C—CHs3 
CIs OMegBr Olt 


While acetone is the oxidation product of isopropanol, our starting material 1s 
I-propanol. To obtain isopropanol, we take advantage of the Markovnikov rule: 


11,80, 


CH3zCH=CH, + H20 — CH3CHCHs, 
OH 


As a third example, let us plan the preparation of methyl cyclopentane, 
starting with cyclopentanone. The structures of the starting material and the 
products are similar enough so that we can proeced sequentially from reactants 
to product: 


5 CH, OH 
] 
-_* 
EIeC CHe ; ae Hee CH, — = 
iNc—cit. HeC—CHe 
CH, CH, CH3 
( ( Cu 
vA \ 
HaC Clas = a8 AO Nou —2> HC CH 
H2C—CHe H2zC—CHe H2C—CHe 
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Because we are familiar with only a few reactions, these examples of syuthesis 
have been very simple, and can only give some flavor of the problems solved by 
organic chemists. As the molecules to be synthesized become more complicated, 
the subtlety and interest of the problems increase. 

Another type of problem that we can demonstrate using reactions familiar 
to us 1s the determination of the structure of a molecule from its chemical 
behavior. Tor example, there are two compounds, A and B, with the empirical 
formula C3Hg. Compound A reacts readily with bromine to give a colorless 
product, but compound B does not. What are the structures of A and B? 
From the empirical formula C3H¢ and the general rules of valence, we see there 
are only two possibilities, 





CHe 
Clee se 6e HoC Ose 
propylene cyclopropane 


Since A reacts with bromine, but B does not, compound A must be an un- 
saturated molecule, and is therefore propylene. 

A similar, but more challenging, problem is the following. A compound 
C,Hg reacts with bromine water and adds one mole of hydrogen per mole of 
compound upon catalytic hydrogenation. When C4Hg is treated with aqueous 
permanganate, acetone 1s found in the products. 

To proceed with the structure determination, we note that the reactions 
with bromine aud hydrogen show that the molecule is unsaturated, and thus 
must be one of the butenes: 


CH3;CHsaCH=CHa, CH3;CH=CHCHs, (CH3)2C=CHa. 


Of these molecules, the only one which would give acetone upon oxidation with 
permanganate is isobutene, or 2-methyl propylene, and consequeitly this must 
be the unknown C4Hg compound. 


17.7 AROMATIC COMPOUNDS 


In Section 11.8 we discussed the nature of the electronic structure of benzene, 
C.He, and pointed out that this molecule offers a particularly good example of 
multicenter bonding. There is a vast number of organic molecules whose struc- 
tures are based on that of benzene, and these are called aromatic compounds, 
as distinguished from aliphatic compounds which are related to alkanes. The 
multicenter bonding that exists in benzene and its derivatives confers charac- 
teristic chemical properties on aromatic compounds which are unique and very 
interesting. Before discussing the chemistry of aromatic compounds, let us 
review and extend our discussion of the bonding in benzene. 

X-ray crystallography and spectroscopic studies show that benzene 1s a 
planar molecule with the form of a regular hexagon. All C—C bonds are iden- 
tical, and all bond angles are 120°. There is no szngle valence formula made up 
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Representation of benzene as a resonance hybrid of two extreme structures. 


of electron-pair bonds localized between pairs of atoms that is consistent with 
these geometric data. Consequently it is conventional to represent benzene as 
a resonance hybrid of two extreme structures as shown in Fig. 17.7. As noted 
in Section 11.8, this representation is to be interpreted to mean that the six 
m-electrons are not localized between pairs of carbon atoms, but can each 
visit all six atoms in the ring. Thus benzene exhibits multicenter m-bonding. 
Another notation sometimes used to represent the multicenter m-bonding and 
complete equivalence of the C—C bonds 1s 


O equivalent to C) o> (> 


where we have followed the usual convention of omitting the hydrogen and the 
carbon atoms. 

We have called attention to the fact that each type of chemical bond has a 
characteristic length which is nearly independent of the molecule in which the 
bond occurs. With this in mind we can compare the C—C bond length found in 
benzene with that in ethane and ethylene: 


in O H»C=CHo 
1.54 A eee a A 


The C—C bond in benzene is shorter than a single bond but longer than a 
double bond. This is consistent with the idea that the six 7-electrons of benzene 
are distributed among six C—C bond regions and suggests that we might think 
of the C—C bond in benzene as neither a single nor a double bond, but as a 
1$ bond. 

We can pursue the relation between resonance and bond lengths a bit further 
by examining the resonance structures of naphthalene, CygHs. The important 
resonance structures are those in which all electrons are paired, and there are 
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Table 17.5 Bond lengths in naphthalene 


Bond ee 2—3 Je a) 


Order 14 1} 1} 1} 
Length (A) 305 1.404 1.425 lyse nse 


bonds only between neighboring atoms. For naphthalene there are only three 


such structures: 
8 1 
9 
7 2 SS ao 
—_—> —_ 
oe ee SS 
eo 4 


We can see that in two of these three struetures the bond between earbon 
atoms 1 and 2 1s double. Thus we can assign this bond a bond order of 12, and 
expect it to be longer than the double bond of ethylene (bond order 2), but 
shorter than the bond in benzene (order 15). Table 17.5 gives the bond order 
and bond length for the various bonds in naphthalene. Jt is clear that there 
is a definite correlation between the bond lengths and the bond orders assigned 
from the resonance struetures. Thus resonance structures are of use in under- 
standing the geometries of the aromatic compounds. 

Let us now examine the thermochemical evidence that concerns the bonding 
in benzene. As Table 17.6 shows, the heat evolved when olefins of various 
struetures are hydrogenated is nearly constant at 28.6 keal/mole of double 
bonds. This faet 1s consistent with the approximate constancy of bond energies. 
In the hydrogenation process the H—H and C=C bonds are destroyed and 
replaced with two C—H bonds and one C—C bond. If these bond energies are 
nearly eonstant, the AH of hydrogenation per double bond should be nearly 
constant, as is observed. This reasoning 
suggests that if the bonds in benzene CJ fee: eee 
were In fact three ordinary double bonds, 

AH for the reaction shown at the right 


Table 17.6 Enthalpy of hydrogenation 
of olefins, AHhydrog (kcal/mole) 


Name AH 
Ethylene —32.8 
1-butene —30.3 
cis-2-butene —28.6 
trans-2-butene —27.6 
lsobutene —28.4 
2-methyl-1-butene —28.5 
Cyclohexene —28.6 
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should be approximately 3 x (—28.5) = —85.5 keal/mole of benzene. The 
experimental value for AH is in fact only —49.8 keal, considerably less than 
expected. This means that benzene is more stable, or lower in energy, than it 
would be if the bonding consisted of three conventional double bonds. 

There have been many attempts to use quantum mechanics qualitatively to 
explain the peculiar stability of the multicenter bonding in benzene, but the 
problem is complicated enough that no universally accepted explanation has been 
found. One quite logical and straightforward suggestion is that the multicenter 
bonding diminishes electron repulsion by permitting the z-electrons to be far 
from each other, but still be in regions between two nuclei. A structure that 


represents this situation is 


where electrons of one spin are indicated by crosses, and those of opposite spin 
by circles. The fact that the electrons are not grouped as pairs, but still are in 
regions near and between nuclei leads to the extra stability of this situation. 
Whatever the source of the extra stability, however, the empirical observation 
that multicenter bonding leads to energy lowering is very useful. This observa- 
tion is sometimes stated by saying that resonance between conventional struc- 
tures leads to a decrease in the energy of a molecule. This language can be 
misleading, for it tends to suggest quite incorrectly that the resonance struc- 
tures exist and the molecule oscillates between them. The real point is that the 
structure that actually exists has lower energy than any of the individual 
resonance structures we can draw using conventional localized electron-pair 
bonds. 

Further evidence for the unique nature and considerable stability of benzene 
comes from its chemical behavior. Although benzene is unsaturated, it docs 
not usually undergo addition reactions, which are characteristic of the alkenes 
we have studied. Instead, the characteristic reaction of benzene is substitution, 
or displacement of a hydrogen atom, as evidenced by 


Br 


Ve 
a ay HBr 
he 
ao 
HNO 
C) aca = | + H20 
i 
eu. Cl 
Ose C¥ +H 
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In these reactions, substitution, not addition or oxidation, occurs. There are 
many other examples that might be added. The point is that reagents that 
ordinarily add to or oxidize the double bond in alkenes leave the multicenter 
m-bond in benzene untouched and instead displace one of the hydrogen atoms 
attached to the benzene ring. 


The Mechanism of Aromatic Substitution 


The nitration of benzene and other substitution reactions of aromatic com- 
pounds have been carefully studied, and a rather detailed picture of the reaction 
mechanism has been generated. The nitration of benzene proceeds readily if a 
mixture of concentrated nitric and sulfuric acids is employed 


NO» 


HNO3 Za 
——> 
C) a Ss + H,0 
nitrobenzene 


Freezing-point depression measurements show that for each mole of nitric acid 
dissolved in sulfuric acid, four moles of particles are formed. This observation 
can be explained by postulating that the reaction 


eso, + HNO. = H.Ot + 2HSO, + NO? 


occurs when nitric acid dissolves in sulfuric acid. The existence of the nitronium 
ion, NOZ, in mixtures of nitric and sulfuric acids has been confirmed by spec- 
troscopic studies, and the nitronium ion is believed to be the reagent responsible 
for the nitration of aromatic compounds. The first step of the nitration reaction 
is the attack of the nitronium ion on the z-electrons of the benzene ring. 


H H . #H 
h VA a 
NOs @ — 
oe *NO. + NO, NO» 


The fact that three rcsonance structures can be drawn for the intermediate 
addition product shows that multicenter 7-bonding between five of the carbon 
atoms still exists in the intermediate molecule. The loss of a proton to some 
proton acceptor, for example HSO;7, Icads to the restoration of the original 
w-bonding system. 


H NQg2 


VA : we 
~ HSO; 
Cs, 2° 
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The important idea illustrated by the nitration mechanism is that attack 
on the benzene ring is generally accomplished by an electron-deficient species 
such as a positive ion, or the positive end of a polar molecule. Thus the mech- 
anism of the catalyzed bromination of benzenc is the following: 


Br 67 5 
FeBr3 + Brg > 5 ae 5); 
I 
H 


Cc) + BrFcBry — x, CX, “CX + Heb 
Br Br Br 


Br 


é + FeBr4 — + HBr + FeBrz 
ue Bde 


When benzene derivatives undergo further substitution, a “directing effect” 
on the position of the new substituent is observed. Consider the following: 


NO» NO» NO» NOg 
| NO» | | 
HNO Mes 
cary T Az 
BA 4 
aS 
NO; | 
NO; 
7% 88% 1% 


The first isomer, ortho-dinitrobenzene, is formed in small amounts, while the 
most abundant product is meta-dinitrobenzenc; para-dinitrobenzene is formed 
only in trace amounts. This pattern is quite gencral: whenever nitrobenzcne 
undergoes further substitution by any reagent, the meta isomer is produced in 
greatest abundance. 

To explain the directing effect of a nitro group on further substitution, we 
note first that the nitrogen atom in the nitro group has a formal charge of -F1. 


ao fe 
oes cu a us ‘ Se 
N N 


a - 6 
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With this in mind, consider the electronic nature of the intermediate formed 
when NO? attacks nitrobenzene at the para position. 


=e) O —O O O- O 
. \ +B SA her 


‘ 
| 
Ors] O.- O - 
+ 7 
aN 


we ~~ 
H NOs H NO, H NO; 


— <, 


The resonance structures suggest that the electronic nature of the para inter- 
mediate is such that an electron deficiency exists on the carbon atom to which 
the already electron-deficient nitrogen atom is attached. Such extreme local 
electron deficiency 1s not energetically favorable; thus the energy of the para- 
substituted intermediate is relatively high. This means that the activation 
energy of the para-substitution reaction is relatively large, and therefore the 
rate of this reaction should be small, and the yield of para-dinitrobenzene 
relatively unimportant. A similar argument can be constructed for the inter- 
mediate formed by the ortho attack of NOZ on nitrobenzenc, as the reader 
can verify by writing the resonance structures of the mtermediate. 

Attack at the meta positicn leads to an intermediate with somewhat more 
favorable electronic properties. 


ii ‘i ae NO» 
a + NOog + Sy NOod NOs 
+NOs, —- A o <> VA 
wae < 
In H a H 


In the resonance structures of this intermediate, the positive charge never 
occurs on the carbon atom to which the original nitro group is attached. Con- 
sequently, the extreme local electron deficiency encountered in ortho and para 
substitution is avoided, the meta intermediate is relatively more stable, and 
the rate of formation of the meta isomer is greater than that of the ortho and 
para isomers. 

Quite the opposite pattern of substitution is observed when anisole is nitrated. 


OCH: OCHs3 OCH: OCH, 
| | NO» | | 
HNO, / a 
ecer i = 
NOY, | 
NO» 
anisole some trace most 
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In this ease the ortho and para isomers are favored, and the meta isomer appears 
only in very small amounts. The explanation makes use of the idea that the 
OCHs group of anisole ean partieipate in the multicenter bonding of the benzene 
ring by donating eleetrons to it. 


: O—CH3 oe ie 7; ie 


Cc) . Ss ” C] ~ {J 
The resonance struetures suggest that the electron density 1s increased, par- 
tieularly at the positions ortho and para to the anisole group. Now eonsider 


the resonanee struetures of the intermediate formed by para attaek of NOS 
on anisole. 


OCHs OCHs OCHs +OCH3 


| s 


Yi ta 
H NO, H NO. H NO. H NOpz 


Note that the last resonanee structure shows that in the para intermediate, 
the OCH3 group can partieipate in multieenter bonding and donate eleetrons 
to the benzene ring. A similar conclusion ean be reached eoncerning the ortho- 
substituted intermediate. In both eases the OCH3 group relieves the eleetron 
defieiency in the ring brought about by the attack of the nitronium ion. The 
meta intermediate does not have this property. 


eet BCHs ae 
+ + 
=> ==) 
NO» NO» NO» 
H H + H 


That is, the OCH; group eannot operate so as to remove positive eharge from 
the ring. Beeause of this limitation, the energy of the meta intermediate is 
relatively high, and the rate of formation of the meta-substituted intermediate 
is relatively small. 

The examples we have diseussed illustrate a generalization that has been 
very useful in explaining the nature of the substitution reactions of aromatie 
moleeules. Groups like —NO, which are eleetronegative or whieh tend to draw 
eleetrons from the benzene ring have a meta-direeting effect. Groups like 
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—OCHs3 that can act as a source of electrons at the ortho and para positions 
exert an ortho-para directing effect. With this rule it is possible to predict the 
course of a variety of aromatic-substitution reactions. 


17.8 ISOMERISM 


In our discussion of organic chemistry we have encountered three types of 
isomeric molecules. First, there are functional isomers: molecules with the 
same atoms but with different arrangements of them so as to give different 
functional groups. As a simple example we have CoH,O: 


H Pl H H 


| | | 
H—C—O—C—H  H—C—C—O—H 


| | | | 
H H lal 1a 


dimethyl ether ethyl alcohol 


A second type of isomerism occurs in positional isomers: molecules that have 
the same functional groups placed in different positions on the carbon skeleton. 
lor example, 


CH;CH2CH2CCH3 CHsCHACCHsCHs 


Br Br Br 
| Br | | 
Br | 

Br 


The third type of isomerism with which we are familiar is geometrical tsomerism: 
geometrical isomers differ with respect to the location of groups attached to a 
pair of doubly bonded carbon atoms. The following are geometrical isomers. 


yy Od > 
ital 

cis-stilbene trans-stilbene 
mp 1°C mp 124°C 


There is a fourth important type of isomerism which can arise if a molecule 
has no plane or point of symmetry. The isomeric molecules in this case are 
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rclated as the right hand is to the left: they are mirror images of each other 
but eannot be superimposed. Lactic acid 1s an cxample: 


COOH ‘iia 
| 
a we Za Ww 
OH H Gre Gre eI OH 


The earboxyl group and the eentral carbon atom lie in the plane of the paper, 
while the CHs and OH group projeet in front of the paper and the hydrogen 
atom behind. The two molecules shown are mirror images, but if we imagine 
an attempt to superimpose the two three-dimensional structures, we realize 
that it must fail. If the eentral earbon atoms, the COOH groups, and the H 
atoms are superimposed, the CH3 group of one moleeule is eoineident with the 
OH group of the other, and no amount of twisting ean change this. Two molec- 
cules related in this way are ealled enantiomorphs (Greek enantios, opposite; 
morph, form). Two enantiomorphs have identical physieal properties execpt 
in one respect. Both isomers rotate the plane that contains the electric vector 
of polarized light, but one isomer rotates the plane in a elockwise direction, the 
other in a counterclockwise direetion. Compounds that rotate the plane of 
polarized light are said to be optically active, and consequently enantiomorphs 
are also ealled optical isomers. 

The requirement for optieal isomerism is molecular asymmetry, and this can 
occur in several ways. Molecules sueh as lactie acid that have four different 
groups attaehed to a single earbon atom have neither a point nor a plane of 
symmetry, and can exhibit optical isomerism. Also, 1f a molecule has a coiled 
or helieal strueture, there are two ways in whieh the helix ean exist—one 
having the sense of a right-handed screw thread, the other wound in the sense 
of a left-handed serew. These two forms of the same helix rotate the plane of 
polarized light in opposite directions and are optical isomers. 

Is it possible to determine the absolute configuration of enantiomorphs; 
that is, to be able to tell which of the two structures belongs to the isomer that 
rotates the plane of polarization eloekwise? This is a very difficult problem, 
but it was solved in 1951 by an x-ray crystal-structure determination. In this 
experiment, the optical isomer of glyeeraldehyde that rotates the plane of 
polarization in a elockwise (positive) direction was found to have the structure 


CHO 
Hoc —==0H 


CH,OH 
p-(+)-glyceraldehyde 
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In the name of this eompound the (+) refers to the direetion in which the 
plane of polanzed light is rotated, and the p designates the strueture in which 
the H and OH is in front, and the CHO and CH.OH behind the plane of the 
paper. Onee the absolute eonfiguration of p-(++)-glyeeraldehyde had been 
determined, it was possible to assign configurations to molecules that eould be 
made from it. For example, p-(-++)-glyceraldehyde can be eonverted without 
disturbing the bonds at the asymmetric carbon atom to the laetie-aeid isomer that 
rotates polarized light in a negative sense. 


CHO COOH 
Ao —C——100 oO, wo C= ION 
CH.,OH CH, 


p-(—)-lactie acid 


Thus the absolute configurations of the laetie-acid isomers are known. 
The eompounds in living organisms are for the most part optically active. 
As an example, we have the amino acids whose general formula is 


| 
NH2CHCOOH 


Proteins are giant moleeules eonsisting of many amino aeids linked together. 
The amino acids have an asymmetric carbon atom, and thus ean exist in two 
enantiomorphie forms. 


COOH COOH 


* 
* 


Hoc=<NH, NHI c—= 3H 


R R 
D-amino aeid L-amino aeid 


The amino aeids reeovered from the hydrolysis of proteins are all L-amino 
aeids. The reason for this specificity is not known, but it has important con- 
sequenees. The various metabolie proeesses in the body are sensitive to the 
configurations of the moleeules ingested as foods and drugs. Despite the simi- 
larity of optieal isomers, the natural processes of the body eonsume one 1somer 
and not the other. Apparently the reason for this is that the protein enzymes 
that catalyze the metabolie reaetions are made from molecules with asym- 
metrie earbon atoms, and as a result can only associate with, and eatalyze the 
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reactions of, molecules that have very specific geometric propertics. There is 
much to be learned about this problem, and this accounts for a very active 
iutercst in the geometric properties of biologically important molecules. 


17.9 INDUSTRIAL ORGANIC CHEMISTRY 


One of the major technical developments of the 20th century is the use of organic 
chemicals to manufacture on a massive scale products which contribute to the 
comfort and variety of life. These important industrial organic processes range 
in chemical sophistication all the way from the controlled pyrolysis of crude 
petroleum to make low molecular weight hydrocarbons, to the subtle multistep 
syntheses of pharmaceutical agents. The products of industrial synthetic 
organic chemistry have had profound effects on the lifestyle in developed 
nations, and consequently it is appropriate to explore some of the processes used 
to manufacture these substances. 

First, it is important to understand that a powerful and ubiquitous practical 
influence in all of industrual chemistry is the ultimate cost of the product. Asa 
result, many industrial processes are carried out using reagents and reaction 
conditions which would not be used at all in a chemical laboratory. For example, 
expensive oxidizing agents such as permanganate and chromate ions, which are 
commonly used in laboratory syntheses, are never used in the manufacture of 
chemicals like acetic acid and acetone, whose annual production is measured in 
billions of pounds. Instead, cheap oxidants like oxygen and nitric acid are used. 
In general, processes are sought in which the desired chemical is produced 
continuously, rather than in batches, and can be readily separated from by- 
products with a minimum number of time and energy consuming purification 
steps. The possible utilization of by-products is also a very important considera- 
tion in the selection of an industrial synthetic process. It is clear that when a 
chemical is manufactured in amounts of 10° pounds yearly, a saving of only a 
fraction of a cent a pound can be economically significant. 


Raw Materials—Coal and Oil 
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The important bulk organic chemicals are for the most part those which can be 
obtained from the inexpensive, rcadily available raw materials coal and crude oil. 
Let us examine the origin, nature, and uses of these important forms of fossil 
carbon. 

Geological evidence indicates that coal had its origin in tree ferns and other 
vegetation growing in fresh water swamp areas approximately 800 million years 
ago. The action of the waters covered the dead plant matcrial with sediment 
and allowed it to decompose in the absence of air. The pressure and increased 
temperature arising from the weight and insulation of the layers of sediment led 
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to the conversion of the dead vegetation to coal. In this conversion, cellulose 
and lignin, the carbohydrate components of wood, lost oxygen and were con- 
verted to hydrocarbon substances. Thus, while wood has a composition by weight 
of 50 percent carbon, 6 percent hydrogen, and 43 percent oxygen, bituminous 
coal has 80 percent carbon, 6 percent hydrogen, and only 10 percent oxygen. 
All coals contain small but noticeable amounts of sulfur and nitrogen, and trace 
quantities of as many as 30 other elements. 

The chemical structure of coal is exceedingly complex. However, the basic 
units are benzene rings that are fused together in the following manner: 


CH3 CHy 





These fused aromatic systems are linked together by aliphatic hydrocarbon 
chains and also have hydrocarbon chain appendages which incorporate oxygen, 
nitrogen, and sulfur atoms. The number of rings in the aromatic clusters tends 
to be greater in anthracite than in the softer bituminous coals. 

Given the complex molecular structure of coal, it is not surprising that it can 
be used to produce valuable industrial chemicals. Simple pyrolysis of bituminous 
coal at 1100°C yields a mixture of carbon monoxide and methane gases which 
can be used as fuel. In addition, there are produced quantities of methanol, 
ammonia, urea, and nitric acid which can be used in various industrial syntheses. 
Coal tar, the highest boiling fraction from the pyrolysis of coal, contains a variety 
of aromatic compounds, some of quite complicated structure. The solid carbon 
residue, or coke, is a valuable reducing agent in metallurgical processes. Pyrolysis 
of coal in the presence of hydrogen gas produces even greater amounts of simple 
and complex aromatic hydrocarbons, aliphatic hydrocarbons, and smaller 
amounts of coke. Even though important chemicals can be derived from coal, 
there has been little effort made to develop this type of use. Until 1974, the 
very low cost of petroleum made it the most attractive source of industrial 
organic chemicals, and the principal use for coal has been as a fuel. 

Crude oil and natural gas are the other major sources of reduced fossil carbon. 
Natural gas is an almost pure hydrocarbon mixture, and it consists mostly 
of methane and ethane, with smaller amounts of propane and butane. The 
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fact that its sulfur content is low makes natural gas a particularly attractive 
nonpolluting fuel. Crude oil also consists mostly of hydrocarbons, but it includes 
varying amounts of sulfur and oxygen containing compounds. Like coal, oil 
has a biological origin, and is usually found in areas which werc marine sedimen- 
tary basins. Apparently, when marine plankton are precipitated and protected 
by sediment from contact with oxygen, they slowly decompose at moderate 
tempcratures and pressures to yield a liquid hydrocarbon product. 

Crude petroleum can be separated by distillation into several fractions. So- 
called petroleum ether (which contains little if any ether functional groups) 
boils from 20-70°C, and includes Cs and Cg hydrocarbons. The higher boiling 
fractions include ligroin, Cg—C7 (70-100°C); straight gasoline, Cg—Cyi2 (S85- 
200°C); kerosene, Cyo-Ci4 (200-275°C); heating oils, C)5-Cig (275°C); and 
the highest boiling fraction yields lubricating oils, paraffin wax, asphalt, and tar. 
Included in most of these fractions are alkanes, cycloalkanes, and aromatics in 
varying amounts depending on the source of the crude oil. Because there is in 
crude oil a variety of chemicals which have very similar physical properties, 
it is usually not economical to separate any one compound, particularly if it has 
more than four carbon atoms in it. Instead, in petroleum chemistry the emphasis 
is placed on finding reactions which convert natural mixtures of hydrocarbons to 
more desirable mixtures, or to the low molecular weight hydrocarbons (C2-C,) 
which can be separated readily. As we shall see, these latter compounds are the 
starting materials in a great many industrial syntheses. 

Because of the availability of crude oil and the ease with which it can be 
refined and transported, petroleum has become the single most important energy 
source in the United States and certain other highly industrialized nations. 
However, the known world resources of petroleum are limited, and in view of the 
value of oil as a source of industrial organic chemicals, its indiscriminant use as a 
fuel is a great mistake. 


Hydrocarbons 
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In order to convert abundant high molecular weight hydrocarbons to the more 
valuable light alkanes and olefins, the higher boiling petroleum fractions are 
“cracked,” or subjected to temperatures of 700-900°C. In many cracking 
processes, catalytic agents, such as the transition metal oxides CrO3, MnoQOs, 
and Fe,2O03 supported on alumina, are used to promote the formation of par- 
ticularly desirable hydrocarbon products. The result of cracking reactions is a 
mixture consisting mostly of Ce, C3, and Cy, olefins along with mcthane and 
hydrogen. The individual components can be separated readily. Some of the 
major uses for these Co—-C, olefins are indicated below. 

Acetylene is one of the most important light hydrocarbons in industry. It 
can be hydrated to give acetaldehyde which, in turn, can be oxidized to acetic 
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acid, a reagent important in the manufacture of acetate polymers: 
He—CH -- H,0 —> CH,CHO —— CH,COOH. 


Also, a large number of acids can be added to acetylene to produce the viny! 
monomers used to make a variety of polymers: 


HC=CH + HCl —  H.C—CHCl, vinyl! chloride; 
+ HCN —  H,C=—CHCN, acrylonitrile; 
+ CH;COOH —+ H,C=CHOOCHs, vinyl acetate: 
4+ CO + CH,OH —“*. H.C—C(CH;)COOCHs, 


methyl! methacrylate. 


Addition of chloride to acetylene gives tetrachloroethane, a starting material 
for the production of cleaning solvents. 

Ethylene is also a very important cracking product, and has a large number 
of uses. It can be polymerized directly to polyethylene or hydrated to give 
ethanol or ethylene glycol: 


H,C—CHo -+- HO —? CH3CH.2OH 


HO CIE= CICK, CH,OH ==> 


HOCH,CH,.OH. 


Ethylene glycol is used as an antifreeze and cooling agent in engine radiators, 
and is one of the components in condensation polymers such as Dacron. Like 
ethylene, propylene can be polymerized directly or hydrated to give isopropanol: 


CH3sCH—CH, + H20 — CH3;HOHCHs3. 


The oxidation of isopropanol is the principal way in which acetone is 
manufactured 


CH3CHOHCH3 ee (CH3)2C=0O + Ho. 
The mixture of butenes collected from the cracking process can be isomerized 
with acid catalysts to isobutene: 


Goo — ele .CH,-- H* — CH,;C *HCH.CH; —H* + CH;CH=CH—CH; 
| 
(CH) CHCHs > (CH.).c—CHo=- Ht. 


Isobutene is the monomer used to make butyl rubber. In addition, isobutane 
and isobutene can be combined to produce isooctane, an important constituent 
of high-performance gasoline: 


S04 


(CH3)2C—CHe + (CH3)3CH —— (CH3)2CHCH2C(CHs3)s3. 
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Synthetic Polymers 
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By linking together low-molecular-weight organic compounds (monomers), it 
is possible to produce polymeric substances of very high molecular weight which 
have mechanical and chemical properties suitable for the manufacture of fibers, 
films, protective coatings, elastomers, tubing, containers, and insulating 
materials. Consequently, polymer manufacture is a very important component 
of the chemical industry. Through the understanding of the relationship 
between molecular structure and macroscopic properties, it has been possible to 
design synthetic polymers appropriate for many different types of application. 

There are two major types of polymerization process in use in the chemical 
industry, addition reactions and condensation reactions. Addition polymeriza- 
tion almost always involves monomers with one or more carbon-carbon double 
bonds, such as ethylene, propylene, isobutene, and the various vinyl monomers. 
Addition polymerization frequently is initiated by free radicals formed by heat 
or irradiation, and it proceeds by the following mechanism: 


Initiation: 
Tor: Rot CHOC ce emen 
Propagation: 
RCH.CHCl + CH.—CHCl  RCH,CHCICH,CHCI. 
Termination: 
R(CH,CHCI) mCH.CHCl+ R(CH,CHC)N,,CH,CHC] > R(CH2CHCD min+2R 


R(CH,CHC) mCH.CHCl + R(CH,CHCl),CH.CHC] > 
R(CH,CHCI »CH=CHCl + R(CH.CHC)),CH.CH,Cl 


R(GH.CHC),,CH.CHCl + RH > R(CH,CHC),,.CH»CH.¢l-n™ 


The possible chain termination reactions are a combination of two chains, 
disproportionation to an alkane and olefin by hydrogen atom transfer, and 
abstraction of a hydrogen atom from a saturated molecule. Careful control of 
the polymerization conditions must be maintained in order to produce a polymer 
of desirable molecular weight and mechanical properties. 

Addition polymerization can also be carried out using cationic initiators. 
This is the most common way to polymerize isobutene to butyl rubber: 


AICls + H,O > AICIZ0H~ + H™, 
Ht + (CH3)2C==CH2 — (CH3)3CT, 
(CH3)3Ct + CHa==C(CH3)2 > (CH3)3CCH2C*(CHs)>. 
Addition of monomers to the chain continues until terminated by a reaction 


with an anion. Transition metal compounds, such as TiCls, which form complexes 
with olefins also are used to catalyze addition polymerization. The polymers 
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produced in this manner have very regular geometric structures and tend to be 
more crystalline and higher melting than the same polymers produced by free 
radical reactions. 

By proper selection of monomer, combination of two or more monomers 
(co-polymerization), and control of the molecular weight of the polymer, it is 
possible to create by addition polymerization substances which serve a great 
variety of purposes. Some addition polymers such as polyethylene, polypropy- 
lene, and polyvinyl chloride have common or commercial names which reveal 
their chemical composition. Other polymers for which the connection between 
the commercial name and molecular structure is less obvious or nonexistent 
include Teflon (CoF4), Lucite (CH2—C(CH3)COOCHS3), and Orlon or Acrilan 
(CH»,—=CHCN). 

In condensation polymerization reactions, parts of the monomer units are 
eliminated and the polymer has a composition which is different from that of 
the monomers used to make it. The simplest example is the combination of 
bifunctional acids and alcohols to make polyesters, with the elimination of water. 
In practice, it proves to be more advantageous to make polyesters by reacting 
a bifunctional acid which has already been esterified with methanol. The 
reaction then proceeds by displacement of the methanol. For example, consider 
the reaction of ethylene glycol and dimenthyl terephthalate: 


cH0.c{ )-C0.CH. + 2HOCH,CH.,OH 


Polymerization continues in a similar manner with the methanol being distilled 
from the reaction mixture as it is formed. The resulting polymer can be formed 
into a fiber known as Dacron, or a very strong film called Mylar. 

Another important condensation polymerization is involved in the formation 
of nylon. ‘The starting materials are adipic acid and hexamethylenediamine, 
and the reaction proceeds to form a polyamide: 


nHOOC(CH.),COOH ae nH.N(CH.).NH> <1 


(Lae 
—C(CH.),C—N(CH.) 7 ao 2nH.O. 


Because of the formation of hydrogen bonds between chains, nylon tends to be 
crystalline, has a high melting point, and considerable tensile strength. 
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17.10 CONCLUSION 


Organic chemistry is a vast but highly organized subject. Many reactions of 
organic compounds leave the earbon skeletons of the moleeules largely un- 
altered and mvolve only the small number of atoms in a functional group. 
Keach funetional group has a set of characteristie reactions whose nature 1s only 
shghtly dependent on the identity of the earbon skeleton to whieh the group is 
attached. Consequently, organic compounds can be elassified and their reactions 
discussed m terms of functional groups. In this chapter we have discussed only 
a few of the more important reactions of the eommon funetional groups. It 
should be elear from this introduction, however, that an extensive study of the 
detailed reactions of organie compounds is necessary if we are to understand 
the behavior of eomplex biologreal systems. 
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17.1. Write the structural formulas of the following compounds: (a) 2, 2-dimethyl- 
butane; (b) 3-ethyl-2, 3, 4, 4-tetramethylheptane; (c) 2, 2, 4, 4-tetramethylpentane; 
(d) 4-methyl-3-hexanol; (e) 4, 4-dimethyl-2-pentanol; (f) 2, 3-dimethylbutanal; 
(¢) methyl isopropyl ketone. 

17.2, How would you accomplish the following eonversions? (a) Acetaldehyde to 
2-hexanol; (b) dtisopropy! ketone to 2, 3, 4-trimethy]-3-pentanol; (c) tert-butyl bromide 
to 2, 2-dimethy] propanol. 

17.3. Give a procedure by which 3-ethyl-2-pentene can be synthesized from ethanol 
and inorganic reagents. 

17.4 Show how methyl! ethyl ketone ean be synthesized from ethanol and inorganie 
reagents. 

17.5 Write the structural formulas of the hydration products of the following olefins: 
(a) propylene; (b) 2-methyl-2-pentene; (e) 1-methyl cyclohexene. 


17.6 Give the name of the compound formed by the addition of HCl to (a) tsobutene; 
(b) 3-methyl-2-pentene. 
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17.7 Show how to prepare 1, 2-dibromo-2-methy! propane from isopropy! alcohol and 
methy! bromide. 


17.8 What are the products when the following hydrocarbons are oxidized with 
acidic permanganate solutions? (a) 2-butene; (b) 3, 4-dimethyl-3-hexene; (c) 2- 
methy!-2-butene. 


17.9 Draw the structure of the isomer of trinitrobenzene that would be easiest to 
synthesize from benzene, nitric acid and sulfuric acid. 





CHAPTER 18 


BIOCHEMISTRY 


This topic includes all molecular phenomena associated with life processes, and 
is, therefore, a subject of enormous breadth, complexity, and challenge. Con- 
scquently, biochemistry is presently one of the most interesting and active 
areas of chemical research. In this chapter we shall find that the principles of 
stoichiometry, equilibrium, oxidation-reduction, chemical kinctics, and molec- 
ular structure discussed in earlier chapters are relevant to biochemical problems. 
In the last two decades in particular, application of chemical and physical 
techniques and principles to biological problems has produced an almost in- 
estimable increase in our understanding of life processcs. 


18.1 THE CELL 


790 


Although we are principally concerned with the molecular phenomena associated 
with the life process, a brief discussion of the structure of the biological cell is in 
order. The cell is the smallest unit capable of cffecting and regulating metabo- 
lism, energy conversion and storage, and molecular synthesis. In order to 
understand how these chemical processes arc related, we must have some famili- 
arity with cell structure and composition. Some of the chemical terms we shall 
use to describe the cell composition may not be familiar, but all are discussed 
in more detail subsequently in this chapter. 


Cells oeeur in a variety of sizes and shapes, but the one shown in Fig. 18.1 
displays the general features relevant to our diseussion. This eell is approxi- 
mately spherieal, with a radius of about 2 X 107° em. The gross volume of the 
cell is thercfore approximately 3 x 107° cm’. The aetual cellular surfaee area 
is greater than that of a sphere of the same radius, beeause the eell membrane 
eontains numerous folds and irregularities. Since delivery of nutrients and 
removal of waste produets occur largely by diffusional transport through the 
eellular membrane, the surfaee-to-volume ratio of the eell is important. Should 
the radius of the eell beeome too large, and the surfaee-to-volume ratio too 
small, transport to and from the eell may not properly mateh the rate of ehem- 
real proeesses within the eell. 






Ribosomes on the 
endoplasmic reticulum 


Mitochondrion 
Nuclear 
membrane 
Cell Cytoplasm 
membrane 


iP 


Ble: 





Lysosome 


A schematic representation of a generalized animal cell. 


The eell ts approximately 80 pereent water, by weight. The nonaqueous 
substanees generally average 14 pereent protein, 2 percent lipids or fatty 
materials, 1 pereent materials related to starch, 2 perecnt ribonueleic acid, and 
1 pereent deoxyribonucleic acid. These pereentages vary aeeording to cell 
funetion, and in addition to the major substanees mentioned, there are minor 
amounts of physiologieally important eonstituents like sodium ton (~0.02 AZ) 
and potassium ion (~0.1 A/). 

A membrane approximately 100 A thiek surrounds the eell. In animal eells, 
this membrane has a “sandwieh” strueture consisting of a lipid layer between 
two layers of protein which are eaeh approximately 25 A thick. The membrane 
is flexible and readily permeable to small moleeules. 
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There are a number of substructures within the cell. The nucleus is scpa- 
rated from the main aqueous body or cytoplasm by a double-layered, slightly 
porous protein membrane. The nucleus scrves as the site for storage and trans- 
mission of hereditary charactcristics. This genctic control 1s accomplished by 
deoxyribonucleic acid (DNA) molecules, whose general structure we will study 
in Section 18.6. 

Animal cells contain mitochondria, small rod-shaped particles concerned with 
chemical degradation of fats, part of the carbohydrate metabolism, and produc- 
tion of the cnergy-rich compound adenosine triphosphate (ATT). 

The lysosomes are intracellular particles somewhat smaller than the mito- 
chondria. They contain enzymes that catalyze the degradation of various 
complex molecules in the cell. The controlled use of these enzymes permits the 
cell to digest large molecules and membrane material. 

The cell contains a highly folded, maze-like membrane called the endoplasmic 
reticulum. In certain areas of this membrane there are attached granular par- 
ticles of about 300 A diamcter called ribosomes. The ribosomes are made up of 
lipid, protein, and ribonucleic acid (RNA), and are of extreme interest, since 
they are the sites at which protein synthesis occurs. 

We see that within the ccll there are regions which are associated with quite 
different types of metabolic, synthetic, and transport processes. The operation 
of the cell involves concerted, coupled action by these components, each of 
which is itself a highly complex chemical system. The aim of biochemistry is 
to achieve an understanding of the operation of these systems by studying the 
structure and chemistry of lipids, polysaccharides, proteins, nucleic acids, and 
other cell constitucnts. 
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From our sketch of ecll structure and function we can see that the energy- 
releasing metabolic processes occur at sites which are removed from the places 
where the often energy-consuming synthetic reactions go on. Moreover, much 
of the food metabolism occurs at a slower rate and at a different time from the 
energy-consuming muscle action. If the energy released by metabolism is not 
to be lost as heat, it must be stored as internal energy of molecules which can 
easily be transported to the appropriate places and used at the proper time and 
rate. The molecule of central importance in this energy storage and transport 
is adenosine triphosphate, or ATP. Its structure, shown in Fig. 18.2, should 
be examined carefully. It consists of a polyphosphate chain attached by an 
ester linkage to the sugar ribose. The nitrogen-containing base adenine 1s 
attached to the ribose fragment at another position. This base~sugar—phosphate 
structure is important not only because it occurs in ATP, but because it is the 
fundamental unit in nucleic acids, and in a number of other molecules involved 
in metabolism and synthesis. 
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The structure of adenosine triphosphate (ATP). 


In the course of oxidative metabolism, ATP is formed from adenosine 
diphosphate (ADP) and inorganie phosphate ions: 


Food metabolism 


energy 


ADP + phosphate —————— ATP 


Thus the energy for the ADP-to-ATP conversion eomes from the oxidative 
metabolism of foods. This “stored” energy can be reeovered when needed by 
the hydrolysis of ATP: 


ATP + H.O — ADP + phosphate, AG = —8 keal, 


or by other reactions in whieh a phosphate group is transferred from ATP to 
another moleeule. Because free energy decreases upon conversion of ATP to 
ADP or to adenosine monophosphate (AMP), the phosphorus—oxygen bonds 
in these moleeules are often referred to as “energy-rich” or “high-energy” bonds. 
This terminology, in eommon use in the bioehemical literature, may be some- 
what eonfusing, sinee a bioehemist’s “high-energy bond” is, in faet, a weak bond, 
and not one with a high bond-dissociation energy. 

There is one other property of ATP whieh is important to its bioechemieal 
funetion. Although ATP is thermodynamically unstable with respeet to hy- 
drolysis, this reaetion is very slow. Consequently, ATP is kinetieally stable, 
and its euergy-releasing reaetions oeeur only when the appropriate enzyme 
catalyst is provided. This is the means by whieh the energy-release proeesses 
are eontrolled. 
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As a simple example of how the energy stored in ATP ean be used, consider 
the following. The AG® of the esterification reaction 


O 
| 
RCOOH + R/OH — RC—OR’ + H,O, AG® = +2 kcal 


Is positive, and consequently the ester synthesis does not proeeed to completion. 
A more eomplete conversion ean be obtained by eoupling the esterifieation to 
the hydrolysis of ATP. The coupling ean oecur by the following two-step 
process: 


14 
! | 
RCOOH + ATP — RC—O—POH + ADP, AG? = —3 keal, 


) = 
Ol 


OQ O O 


| || | 
RC—O—P—OH + R’OH — RC—OR’ + H3P0q, AG® = —3 keal. 


: => 
Od 
The overall reaetion 


RCOOH + R’/OH + ATP — RCOOR’ + H3P04, + ADP, AG° =—6 kcal 


has a negative free-energy change, and proceeds largely to completion. Thus, 
ATP formed by an exothermic metabolie reaetion ean be used subsequently to 
earry out a necessary synthetie or degradative reaction whose energetics may 
be quite unfavorable. The general phenomenon of the coupling of endo- and 
exoenergetic reactions is extremely important in bioehcmieal systems, as the 
following diseussion will demonstrate. 


Oxidation-Reduction Reactions 
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In the eell, oxidation of foodstuffs releases energy which is used subsequently 
for maeromoleeular synthesis, transport of matter, and musele action. The 
eomplete oxidation of a earbohydrate food like glueose releases an enormous 
amount of energy: 


C.H 1206 + 60> aes, 6H.O + 6COds, AH = —686 keal. 


In biochemieal systems, oxidations of complex molecules do not take place in 
a single step. In contrast, they oeceur by a serics of a dozen or more reactions, 
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which successively break down the original molecule into smaller, more highly 
oxidized species, and eventually produce carbon dioxide and water. The energy 
released in at least some of these individual metabolic steps must be used 
directly or indirectly to convert ADP to ATP. 

Ieven the individual steps in the metabolic sequence do not directly involve 
molecular oxygen. Oxygen is such a powerful oxidizing agent that the energy 
released in even the partial oxidation of an organie substrate molecule is so 
large that it could not be used or stored efficiently. For example, the direct 
oxidation of malic acid to oxaloacetic acid would release 46 keal of free energy: 


COOH COOH 


| | 
-" +40. —- C=O + H,O, AG? ==" 46 kcal 


CHoe 

COOH COOH 

Malic Oxaloacetic 
acid acid 


The large dnving force of this reaction would be largely wasted if it were to 
occur directly. Instead, in the mitochondria of the cell, a much weaker oxidant, 
nicotinamide adenine dinucleotide (NAD*), carries out the oxidation of the 
substrate: 


COOH COO 
HCOOH + NADt > bo se ONDSUB el == ce 
dai 9 CHe 
COOH COOH 
Because NAD* is not a particularly strong oxidant, its reduced form NADH 
can be oxidized by a slightly stronger oxidant found in the cell, flavin adenine 


dinucleotide (FAD). Concurrently, ADP and inorganic phosphate (designated 
by P;) is converted to ATP: 


mami = ADP + P; + Ht + FAD — NAD* + ATP] FADES. 


In effect, the driving force derived from the NADH oxidation and FAD reduc- 
tion is used to form energy-rich ATP. 

The reduced form FADH 4 is itself oxidized by an oxidant stronger than FAD. 
The sequence of oxidation-reduction reactions continues for five more steps, 
and in each successive step, a stronger oxidant 1s used. Molecular oxygen 
appears as the oxidant only in the last of these steps. 
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The total sequence of oxidation-reduction reactions which couple the oxida- 
tion of a foodstuff substrate to the reduction of molecular oxygen is shown in 
Fig. 18.3. Four of the oxidant-reductant pairs are cytochromes, in which ferric 
or ferrous ion is complexed in a porphyrin ring and is bound to a protein, as 
shown in Fig. 18.4. Differences in the structure of the porphyrin ring and the 
protein account for the differing oxidative power of the cytochromes. 

Tigure 18.3 shows that three of the sequential oxidation-reduction reactions 
involve the conversion of ADP and inorganic phosphate to ATP. Thus, by this 
sequence of coupled oxidation-reduction reactions, the encrgy released by the 
oxidation of the carbohydrate substrate can be stored in a usable form as ATP. 


0 


I ____ alanine 





: \T serine 
yysine——— H 


Peale 
expo / | 
x 


H 
HOOCCH2CHe CH2CH2COOH 


Part of the structure of cytochrome c, showing the iron atom complex in the porphyrin 
ring system which isin turn attached to a polypeptide chain. 


The intermediates NAD*, FAD, etc., are left unchanged, and the nct reaction 
is schematically 

Substrate Hy + 83ADP + 3P; + 402 — Substrate + 3ATP + H,0. 
In subsequent discussions of metabolic processes, we shall frequently encounter 


oxidations by NADT. It is important to realize that these can lead, by the 
steps of Fig. 18.3, to reduction of oxygen and production of ATP. 
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FIG. 18.4 
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Lipid is a name applied to the cellular components which are water-msoluble, 
but which can be extracted with organic solvents like ether, benzene, and 
chloroform; consequently, this classification includes a large number of mole- 
cules whose structures and functions are at best distantly related. A major 
part of a lipid extract, however, consists of substances which yield, upon hy- 
drolysis, long-chain aliphatic acids called fatty acids. We shall restrict our 
discussion of lipids to these substances. This group is further classified as 
follows: 


1. Simple lipids. This group includes fats, which are esters of fatty acids and 
glycerol, CH,OQHCHOHCH,OH, and wazes, in which fatty acids are esteri- 
fied with alcohols of high molecular weight. 


bo 


Compound lipids. This includes molecules in which glycerol is esterified with 
fatty acids and phosphoric acid, and in addition, fatty-acid esters of sugar 
molecules. 


Fatty acids are carboxylic acids, RCOOH, of high molecular weight, in which 
the alkyl group R may be saturated, unsaturated, cyclic, or branched-chain. 
Acids in which R is an unbranched open chain are by far the most common. 
In virtually all the naturally occurring acids, there is an even number of carbon 
atoms. The formulas, common names, and occurrence of some of the fatty acids 
are given in Table 18.1. The most abundant saturated acid in animal fats 1s 
palmitic (Cg), with stearic (Cg) second in importance. Oleic (Czg) and pal- 
mitoleic (C;,) are the two most frequently occurring unsaturated acids. 
The most abundant unsaturated fatty acids have the formula 


RCH=—CH(CH2)7,COOH, 


where seven carbon atoms separate the carboxylic acid and ethylenic functional 
eroups. The R group itself may be unsaturated. The presence of double bonds 
introduces the possibility of c7s-trans isomerism. The czs configuration is the 
one found in virtually all the naturally occurring acids. 


Table 18.1 Some common fatty acids 


Common Name Systematic Name Formula Source 
Butyric Butanoic Ca7COon Butter 
Caprylic Octanoic C7H)}5COOH | Coconut oil 
Palmitic Hexadecanoic C1sH3;COOH ~ Palm oil 
Stearic Octadecanoic C17H35COOH Mutton fat 
Palmitoleic 9-Hexadecenoic ~Cy,5He9COOH Butter 
Oleic 9-Octadecenoic C17H33COOH | Olive oil 
Linoleic 9, 12-Octadecadienoic C)7H3;COOH = Soybean oil 
Linolenic 9, 12, 15-Octadecatrienoic C,7H29COOH | Linseed oil 
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Nearly 10 pereent of the body weight of a mammal may be in the form of fats, 
or triglyceryl esters of the fatty aeids. The general formula for these com- 
pounds 1s 

CH» CH——CH, 

| | | 

7 O O 

| | 
e—) Co C—O 


| | | 
R A 





O 
| 


The three R—C— groups, whieh represent the fatty-acid residues, may be the 
same or different. Triglyeerides of saturated acids tend to have higher melting 
temperatures than those of unsaturated aeids. Animal fats are relatively rieh 
in saturated triglycerides, and this is the reason they are solids at room tem- 
perature. Vegetable omls like eorn and safflower oil] have a greater pereentage of 
unsaturated triglyeerides, and eonsequently are liquids at room temperature. 
Frequently these liquid vegetable oils are hydrogenated in order to produee a 
more saturated solid fat for table use. 

Waxes are also esters of fatty acids, but the alcohol is a long-ehain (~ C30) 
aliphatie primary or secondary monoaleohol. As an example, we have beeswax, 
which is largely an ester of palmitic acid with myrieyl alcohol, CH3(CH»).9OH: 


CH3(CHo2) “alae o9 CH 3. 
O 


Simple Lipids 


Lipid Function 


As was mentioned in Section 18.1, lipids occur in the cell membrane, sand- 
wiched between two layers of protein. The l1pid layer exerts some seleetivity 
and control over the transport of substances to and from the cell. Moleeules 
whieh dissolve readily in organie solvents readily pass through the lipid layer 
of the membrane. Moleeules which are only water-soluble cannot easily diffuse 
through the lipid layer, and must enter and leave the eell either in elose assoeia- 
tion with lipid-soluble substances, or through pores in the membrane whieh 
themselves exert some seleetivity on the size and eharge of the molecules that 
can pass. 

Lipids are the principal constituents of the protective tissue which msulates 
warm-blooded animals against a low-temperature environment. In plants, 
waxes serve to protect surfaces of leaves and stems against water, and attack 
by insects and baeteria. 

The main function of fats is to serve as the major and most efficient reposi- 
tory of energy. Complete combustion of 1 gram of fat produces approximately 
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9 keal, whieh is considerably more than 5.6 keal/gm obtained from protein, or 
4.2 keal/gm produeed by carbohydrates. The high heat of eombustion of fats 
is a consequenee of their being nearly entirely hydrocarbon, whereas m proteims 
and partieularly in earbohydrates, the hydroearbon skeleton is already partially 
oxidized. 

The first step in the metabolism of fats is the hydrolysis (in the intestine) 
of triglyecrides to glycerol and fatty acids. The reaetion 


O 


crt, -0-l 

O CH20H 
eae ee + 3H,0 — CHOH + Fatty aeids 
7 acne 


CH,—O—C—R” 
Glyeeriic 


is catalyzed by water-soluble enzymes ealled lypases or esterases. The water- 
insoluble lipids are emulsified by bile acids, and the hydrolysis eatalyzed by 
the water-soluble enzyme oecurs at the interfaec of the hpid drop and the 
aqueous digestive fluid. The hydrolysis products then are carried to the cells, 
where they undergo oxidative metabolism. The glycerol cnters the carbohydrate- 
metabolism seheme which we shall study in Section 18.4. The acids, whieh are 
the major energy souree, are oxidized by a stepwise process, the details of which 
we shall now diseuss. 


Fatty Acid Oxidation 
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In the first stage of utilization of fatty acids, these molecules are systematically 
and repeatedly shortened by two carbon atoms at a time by the serics of re- 
aetions indieated schematieally in Fig. 18.5. A key substance in this cyelic 
degradation seheme is ealled Coenzyme A (CoA or SCoA), a moleeule whose 
structure is given in Fig. 18.6. Note that part of this moleeulc is made up of 
the adenine, ribose sugar, and polyphosphate groups that oeeur in ADP, NAD, 
and FAD. For the present purposes, however, the important funetional group 
on CoA is the sulfhydryl or thio-alcohol group SH. In the first step of fatty-acid 
degradation, a thioester, the sulfur analog of an ordinary ester, is formed between 
CoA and the fatty acid. This reaetion is coupled to and driven by an ATP-to- 
AMP conversion. 

In the second step of the degradation, the acid residue in the thiocster is 
oxidized or dehydrogenated by FAD at the positions immediately adjacent to 
the carbonyl group. The FADH, produced by this dehydrogenation can be 
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CH, OH 
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CHe 









R 
sz > HO 
OH 
SCoA 
To Step 2 as NAD+ 
eK NADH 
O O 
! 
pa —s. i. SCoA 
y; J 
“ OQ» &SCoA R 
GHRE-scos 
The sequence of steps by which fatty acids are shortened by two carbon units. The car- FIG. 18.5 


boxyl and a-carbon atoms are removed as an acety!-SCoA molecule which undergoes sub- 
sequent oxidation. The fatty-acid residue reenters the degradative cycle. 


oxidized by oxygen through the cytochrome series with concomitant produc- 
tion of ATP. In step three, the ethylenic bond is hydrated catalytically to an 
alcohol which is then oxidized in the fourth step to a ketone by NAD*. In the 
fifth step, this ketone is enzymatically cleaved at the indicated bond, with the 
introduction of another molecule of SCoA. We have at this point two thioesters. 
One, acetyl CoA, or 


CH3C—SCoA, 
| 
contains the acetyl group, 


CH3C—, 


18.3 LIPIDS 801 


FIG. 18.6 


which came from the first two carbon atoms of the original fatty acid. The 
other thioester, 


| 
R/C—SCoA, 


contains the original fatty-acid chain shortened by two carbon atoms. This 
thioester is ready to begin the degradation cycle again, and does so repeatedly. 
In each passage through the cycle, the acid chain is reduced in length by two 
carbon atoms, and each time one molecule of acetyl CoA is formed. 


(AS —cu,cu, 
| 


NH 


| 
——o 
| 
ose O CHg 


CH,_—N— 


| 
=O e=o= 


@S 


| 
OH CHa 





The structure of coenzyme A. Note the SH group 


which is the point of attachment to the R—CO— OH 
function of acids. O=b—OH 
Ol 


The acetyl CoA units from acid degradation are subsequently oxidized to 
CO. in the Krebs citric-acid cycle, and it is in these latter steps that most of 
the energy associated with fat metabolism is released, or stored as ATP. The 
Krebs cycle is also responsible for the oxidation of acetyl] CoA produced from 
the degradation of carbohydrates, and will be discussed in detail in Section 18.4. 
It has been calculated that through degradation and \<rebs oxidation, one mole 
of a Cyg fatty acid leads to the production of 130 moles of ATP. This stored 
energy corresponds to a stored energy of about 45 percent of the entire energy 
of combustion of a Cy¢ acid; the rest is dissipated as heat. 


18.4 CARBOHYDRATES 
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Carbohydrates occupy a most important position in the chemistry of life pro- 
cesses. They are formed in plants by photosynthesis, and thus are the major 
product of processes by which inorganic molecules and energy from the sun are 
mecorporated into living things. The carbohydrate cellulose, which is a very 
high molecular-weight polymer of glucose sugar units, is a major structural 


BIOCHEMISTRY | 18.4 


component of plants. In animals, carbohydrate metabolism is a very important 
source of energy. Nucleic acids, which control the replication processes within 
the cells, are polymers in which the repeating unit contains a sugar molecule, 
and are consequently closely related to the carbohydrates. 

Carbohydrates are polyhydroxyaldehydes or ketones of the empirical formula 
C,He,0,. The simplest such molecules are called monosaccharides, and if 7 
is 5 to 8, these substances have a sweet taste. Molecules in which two to ten 
monosaccharide units are linked are called oligosaccharides (Greek oligas, few), 
and the term polysaccharide is applied to polymeric molecules which may con- 
tain several thousand monosaccharide units. 


Nionosaccharides 


The most important monosaccharides are the five- and six-carbon sugar mole- 
cules called pentoses and hexoses, respectively. There are a number of ways in 
which the structures of these molecules can be displaved. The five-carbon 
sugars D-ribose and p-2-deoxyribose, which are found in nucleic acids, are shown 
below as they occur in the form of five-membered rings. 


> 





HOCH, _~0 Hl 
4 ] 
H OH 
OH OH OF eet 
3 2 3 = 
p-ribose p-2-deoxyribose 


In this formula, a carbon atom is understood to be at each apex of the ring, 
except where an oxygen atom is indicated. It is important to note the spacial 
relationships of the OH groups that are revealed by these formulas. The five- 
membered ring is planar, and in both molecules, all OH groups bonded to ring 
carbon atoms lie below the plane of the ring, while the CH2OH group lies 
above this plane. 

A free sugar exists as an equilibrium mixture of ring and open-chain forms. 
Thus p-glucose, the repeating unit in starch, can exist in either of the following 


two forms: 6 ron (1) 
HOCH, H—C—OH (2) 

5 | 
HA \H HO—C—H (3) 

4 1 

OH H Hae Or (4) 

OH OH | 
H—C—OH (5) 

H On | 
3 2 CH.OH (6) 

p-glucose 
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In the open-chain form, the funetional group on the first earbon is an aldehyde. 
When glucose assumes the ring form, the hydroxyl of the 5-carbon adds to the 
aldehyde carbon, completes the ring, and eonverts the aldehyde oxygen to an 
OH group. The orientation of the OH group at the l-earbon in the rmg form 
is very important. The eonfiguration shown above, where the OH at the 
l-carbon and at the 4-carbon are on the same side of the ring, 1s called a-glueose. 
The moleeule which has these two OH groups on opposite sides of the ring 1s 
ealled 6-glueosc. The two forms ean intereonvert through rmg opening to the 
aldehyde structure, followed by ring closure: 


CHO 
HOCH, =. HOCH, 
O | cores! OF - 
HO—C=u OH 
| 
OH H— 60 OH 
OH OH | OH 
H—C—on 
OH | OH 
CH,OH 
a-glucose B-glucose 


Starch, a polysaceharide whieh ts readily digestible by humans, 1s a polymer of 
a-glueose, whereas cellulose, which cannot be digested by humans, is a polymer 
of 8-glucose. 


Polysaccharides 
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Three of the most important polysaccharides are starch, eellulosc, and glyeogen. 
Starch is a foodstuff produeed m plants, eellulose is the struetural material of 
plants, and glycogen is the form in whieh glucose is stored in animal cells. All 
of these substances are polymers of glucose, and differ from each other in molcc- 
ular weight, the nature of the lmkage between glucose molecules, and the degree 
of polymer chain branching. 

Cellulose is a long-chain polymer of about 3000-4000 glucose units. Cotton 
is approximately 90 pereent cellulose. The strong fibrous nature of this and 
other such plant material is a consequence of the long-chain structure of the 
cellulose moleeule. 

Figure 18.7 shows part of the cellulose structure. We sce that adjacent 
glueose units are linked by an oxygen bridge between earbons 1 and 4. This 
bridge is ealled a glycosidic linkage. We sce also that in cach case, the l-earbon 
has the 6-configuration, and consequently cellulose is said to have a 8-glycosidie 
linkage. Tven though the enzymes m the human body can eleave an a-glyco- 
sidic linkage, they cannot cleave the B-glycosidic bonds in cellulose; conse- 
quently, humans cannot digest ecllulose. Some bacteria found in the mtestines 
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of herbivorous animals do possess the enzymes necessary to break down cellulose 
to glucose, and consequently these animals can use cellulose as a food. 

As }ig. 18.8 shows, in the starch molecule the glucose units are joined by an 
a-glycosidic linkage between the 1- and 4-carbon atoms of successive rings. 
The hydrolysis of the a-glycosidic linkage is catalyzed by enzymes secreted by 
the human salivary and pancreatic glands, and consequently starch can be 
used as a food. 





Part of the cellulose chain. Note the 6-glycosidic link between carbons 1 and 4 of adjacent 
rings. 





Part of the chain structure of starch. Note the a-glycosidic link between carbons 1 and 4. 
At other places in the chain these are 1-6 glycosidic bonds. 


Two kinds of starch molecules occur in nature. About 10 to 20 percent con- 
sists of long unbranched-chain molecules, and is called amylose. The other 
component, named amylopectin, is a highly branched polymer in which most 
monomers are joined by 1,4 linkages, with chain branching occurring through 
1,6 linkages, as Tig. 18.9 shows. The linear polymer amylose is soluble in hot 
water, whereas amylopectin is not. Both forms represent plant-energy storage 
which can be used directly by humans. 

Glycogen is the counterpart in animal tissue to the amylopectin of plants. 
Like amylopectin, glycogen is a polymer of glucose with 1,4-a-glycosidic link- 
ages, and considerable chain branching through 1,6 linkages. The molecular 
weight of glycogen ranges from 2 X 10° to 10°. While all animal tissue contains 
glycogen, the liver is the principal site in which it 1s stored. 
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FIG. 18.7 


FIG. 18.8 
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The necessary first step in the utilization of polysaccharides by animals is the 
enzymatic hydrolysis of starch or glycogen to free glucose sugar molecules. The 
glucose molecules are then broken down and oxidized in two major stages. In 
the Embden-Meyerhof glycolytic pathway, glucose is converted by a serics of 
steps to two molecules of pyruvic acid, CHs;COCOOH. This decomposition is 
accomplished anaerobically, that is, without oxygen. The pyruvic acid then 
enters the IXrebs citric-acid cycle, which has as its ultrmate products COs, 
HO, and ATP. The oxidants which participate directly in the Ikrebs cycle are 
themselves oxidized by a chain of redox couples which has molecular oxygen as 
its ultrmate oxidant. 

The major features of the Embden-Meyerhof glycolytic pathway are given 
in Fig. 18.10. Glucose is converted to a phosphate ester by ATP, isomerized 
enzymatically to a five-membered ring, and then another phosphate group 1s 
added by ATP. The resulting diphosphate is broken into two three-carbon 
fragments which are both converted to 1,3-diphosphoglyceric acid. This mole- 
cule then loses one phosphate group, and restores one mole of ADP to ATP. 
After an isomerization and dchydration, the last phosphate group is eliminated, 
and another molecule of ATP formed; the product pyruvic acid is then ready 
to proceed to the Krebs oxidative cycle. If no oxygen is available, as might be 
the case following brief but violent muscle action, pyruvic acid is reduced to 
lactic acid by NADH. When oxygen becomes available, this lactie acid is 
reoxidized to pyruvic acid, and then enters the Ixrebs oxidative cycle. 

There arc, in the Embden-Meyerhof pathway, two oxidation-reduction 
reactions. In step 5, NAD* is the oxidant, and NADH is produced. If lactic 
acid is formed from pyruvic acid in the last step, however, an equrvalent amount 
of NADH is consumed. Hence, if lactic acid is formed, there is no net oxidation 
or reduction associated with glycolysis. There is, nevertheless, a net production 
of ATP. A total of two moles of ATP per mole of glucose are consumed by 
steps 1 and 3, but in steps 6 and 9, two moles of ATP per mole of three-carbon 
fragment, or four moles of ATP per mole of glucose are produced. Thus the 
decomposition of glucose to pyruvic acid is accompanied by formation of cnergy- 
rich ATP. 

The Krebs citric-acid cycle is sketched in lig. 18.11. This cyele converts 
the products of glycolysis to carbon dioxide and water, and 1s also the pathway 
by which fragments from fatty acids are oxidized. It 1s, therefore, of central 
importance in the metabolic scheme. 

Pyruvie acid enters the Krebs cycle by losing CO, and being converted to 
an acetyl group CH3CO attached to the sulfur of Coenzyme A. The oxidation 
required in this step is effected by NAD™, which, as we have discussed, is 
reoxidized and leads to production of three molecules of ATP. The acctyl CoA, 
which is also the product of fatty-acid breakdown, then transfers its acctyl 
group to oxaloacctic acid to form citric acid. Then follow dehydration and 
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hydration reactions which convert citric acid to tsocitric acid. An oxidation by 
NADP?t, a phosphate ester of NAD™, liberates COg, leads to the eventual 
production of 3 ATP, and forms a-ketoglutaric acid. Another oxidation, this 
time by NAD® aided by CoA and other agents, liberates another CO2 molecule, 
and produces succinic acid. At this stage, the two-carbon fragment which 
entered the cycle as an acetyl group has been oxidized to CQg, and the remain- 
ing steps of the cycle serve to restore the oxaloacetic acid with which the cycle 
began. The succinic acid is dehydrogenated to fumaric acid. Addition of water 
gives malic acid, and oxidation of this molecule by NAD* finally produces 
oxaloacetic acid, which is then available to begin the cycle again. 

For every acetyl group that enters the Krebs cycle, 12 molecules of ATP are 
produced. In addition, three molecules of ATP and one molecule of COs, are 
formed in converting the pyruvic acid from glycolysis to the acetyl CoA that 
enters the cycle. Consequently the overall carbohydrate oxidation reaction can 
be written 


C3H403 + 302 + 15SADP + 15H3PO, — 3CQO,. + 2H.2O 4+ I5ATP-H20. 


The oxygen enters the reaction indirectly through the oxidants NAD*, NADPT, 
and FAD. 
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We have already pointed out that proteins constitute most of the nonaqueous 
component of the cell. Even considering this abundance, the variety of func- 
tions performed by proteins is extremely impressive. Enzyme molecules which 
are such specific catalysts for so many synthetic and degradative reactions of 
the life cycle are proteins, as are many of the regulatory hormones. Proteins 
are components of the peri- and intra-cellular membranes, serve as antibodies 
to foreign antigens, perform the oxygen-carrying function in the blood, and 
constitute some of the chromosomal material. Thus the form, regulation, and 
reproduction of living things are dominated by the proteins. 


Proteins are polymers of a-amino acids. As we found in Chapter 17, the a-amino 
acids have the general structure 


i 
R—C—COOH, 
NHo2 


in which the amino group and the radical R are attached to the first (a) carbon 
atom removed from the carboxylic acid group. There are 20 amino acids which 
occur in protein molecules, and the individual properties of these acids are 


BIOCHEMISTRY | 18.5 


dictated by the nature of the R group. The unique features of the different 
proteins are a consequence of the total number, varicty, and sequence of the 
amino acids which occur mn the polymer chain, and as well, of the spacial con- 
figuration of the chain itself. 

The structural formulas, common names, and three-letter abbreviations for 
the 20 amino acids are given in Fig. 18.12. We see that the acids can be con- 
sidered to be derivatives of glycinc, NH2CH2COOH, in which various R groups 
have been substituted for one of the a-hydrogen atoms. In a number of the 
acids, the R group is entirely an aliphatic or, in one case, aromatic hydrocarbon. 
In the other acids, the R radical contains a potentially reactive functional group. 
Serine, threonine and tyrosine have an OH group which can esterify with organic 
acids or with phosphoric acid. Glutamic and aspartic acids have a second acid 
functional group, while lysine and arginme have a second ammo group. The 
highly reactive SH or sulfhydryl function in cysteine is very significant, stnce 
two of these can form a disulfide bond —S—S—, and thereby link together two 
protein chains. As was mentioned in Chapter 17, all of the amino acids except 
glycine have four different substituents on the a-carbon atom, and conse- 
quently are optically active. Of the two possible arrangements of atoms at the 
asymmetric center, only the L-structure has been found in natural proteins. 

Amino acids are linked together to form proteins by the peptide bond. This 
linkage can be pictured as the result of the condensation of the carboxyl group 
of one acid with the amino group of another, accompanied by the elimination 
of water. 


inl 6, | a ON 5 ee @. 
| (a ee tdi 
oneal eee ++ se iene — a ee +- HO 
|e J 
| 5 Ua 84 No oR R Re 
Amino acid Amino acid Dipeptide 


It is the link between the carbonyl carbon and the amino nitrogen that is called 
the peptide bond. 

Continuation of the condensation process to link together many amino acids 
produces a polypeptide. The repeating unit in the polypeptide chain 


Ld 
ae 
Pie Ev 


is referred to as an amino acid residue, since it contains what is left of the amino 
acid after the elements of water are eliminated. Usually molecular chains of 70 
or fewer amino acids are referred to as polypeptides, while larger naturally- 
occurring molecules are called proteins. 
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Side-Chain (R-Group) 


Characteristic Chemical structure Amino acid Symbol 
i”: 
a | 
Aliphatic, nonpolar Eo Glycine Gly 
NH, OH 


Alanine Ala 
Valine Val 
Leucine Leu 
fsoleucine fleu 
Alcoholic, aliphatic and aromatic Serine Ser 
Threonine dh ate 
Aromatic Tyrosine Tyr 
Phenylalanine Phe 
Tryptophan Try 





FIG. 18.12 The common amino acids, their structures, and their symbols. 
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Ammo acid 


Aspartic 


Glutamie 


Lysine 


Argmine 


Histidine 


Cysteine 


Methionine 


Asparagme 


Glutamine 


Prolme 


Symbol 


Asp 


Glu 


Arg 


His 


Met 


Asp 


Gin 


Pre 
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Protein Structure 


There are four levels at whieh the strueture of protcins can be described. The 
primary struetural feature is the amino-acid sequenee. The secondary structure 
refers to the spacial configuration of the amino-aeid chain; frequently this is a 
helieal strueture. The tertiary strueture is a description of how the helix is 
folded and bent. IT*inally, the quarternary structure arises from the association 
of individual proteins to form distinct complex super molecules. Eaeh of these 
features ean be very important to the biologieal function of the protein. To 
establish the complete structure of a protcin at all four levels is an enormously 
diffeult problem, and the techniques used to learn about cach struetural level 
differ very greatly. 

The first step toward establishing the primary strueture of a protein or poly- 
peptide is to obtain an analysis of the amino aeids present in a pure sample. 
The preparation of the purified protein may in itself be a difhleult task. An 
approximate molecular weight for the protein can be obtained by several 
physicoehemieal methods which include measurement of the rate of sedimenta- 
tion in a eentrifuge, osmotic-pressure determinations, and light-scattering 
studies. Then weak-acid hydrolysis may be used to eleave the peptide bonds 
and produce free amino aeids, which can then be identified and analyzed quan- 
titatively. With the quantitative amino-aeid eomposition known, one has an 
empirieal formula for the protein. 

At this point, however, the primary-strueture determination has Just begun. 
The number of different sequenees of aeids that is possible for even a very 
small moleeule is very great. If we were dealing with a molecule in which there 
were only ten amino acids, all different, there would be 10! or 3,628,800 possible 
sequences. While there are some polypeptides of biologieal importanee with 
only nine different amino acid residues, the relatively small insulin molecule of 
molecular weight 5733 has 51 aeid residues, and the musele protein myoglobin 
contains 153 residues. Other proteins have molecular weights up to the order 
of 7 X 10°, and the number of possible aeid sequences in such moleeules is 
diffieult to imagine. 

A number of ehemical teehniques have been used to determine the amino- 
aeid sequence in several polypeptides and proteins. One of the important 
reagents used is dinitrofluorobenzcene. This moleeule attaehes itsclf to the free 
amino group at the end of a polypeptide: 


Int al. R” O Pe) R” O 


Pe | | | | | | | 
ONC )—F ef Be Patel Ni aaa 3) Hine ON—{ )-N—C-C—tpeptide) -N—C—C—O1 
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NO» 


R Hoel R ise! 
N-terminal C-terminal 
acid acid 


If the resulting adduet is hydrolyzed, the peptide bonds break, but the dinitro- 
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benzene remains attached to the amino group of the N-terminal acid. This 
acid can be separated and identified by chemical analysis. 

It is also possible to establish the identity of the acid at the earboxyl end of 
the polypeptide chain quite simply. The enzyme earboxypeptidase removes 
the C-terminal amino acid from a protein along with only very much smaller 
amounts of the other aeids. This separated acid is then easily identified. If the 
enzyme is left m contaet with the peptide, and the identities of the liberated 
ammo acids are studied as a function of time, the sequence of several of the 
residues near the end of the chain may be determined. 

The determination of the aeid sequence of the protein hormone insulin 
exemplifies some of the other features of this general problem. Treatment of 
insulin with dinitrofluorobenzene followed by hydrolysis showed that there 
were two different dinitrobenzene derivatives formed. This indieated that there 
are two N-terminal aeids, and therefore, two parallel polypeptide chains in the 
molecule. These so-ealled A and B polypeptide chains were separated by oxidiz- 
ing the disulfide (—S—S—) links between them to —SO3H groups. The tio 
echams were isolated, and then partially hydrolyzed to intermediate-sized pep- 
tides containmg two to five amino-acid residues. These peptides were separated, 
and their amino-aeid sequenees determined by the difluorobenzene method. 

The sequenee determination was completed in the followmg manner. The 
aeid hydrolysis eleaves the protein chain randomly into small groups of acid 
residues. However, if one finds that there are present the three-acid sequences 


Gly-Ser-His, Ser-His-Leu, and His-Leu-Val, 
the overlapping suggests that there is a five-acid sequenee 


Gly-Ser-His-Leu-Val. 


Evidenee which eorroborates and extends this order is found in the sequences 
of the four- and five-acid fragments. By making use of such overlappmg short 
sequenees, the sequence of the entire chain ean be deduced. 

The eomplete primary strueture of beef msulm, determined in this way by 
I’. Sanger in 1953, 1s given in Fig. 18.13. We see that the A and B chains are 
held together in two plaees by disulfide links between eysteme residues in the 
separate chains. In addition, there is a disulfide link between two acids mn the 
A chain. Although these acids may seem to be separated, the coiling of the pep- 
tide chain m faet allows them to be elose enough to form the disulfide bond. 

The acid sequence has been determined for msulin taken from swine, sheep, 
and whales. The molecules from the four sourees are identical exeept for the 
three amino aeids in positions 8, 9, and 10 of the A cham. Ividently this 
variation is the ehemieal basis for some of the antigenie differenees between 
insulin from different animal sourees, which had been observed well before the 
molecular struetures were determined. 
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The complete ammo-acid sequences are known for a small but growing 
number of protems, including ribonuclease, myoglobin, and hemoglobin. Rrbo- 
nuclease 1s an enzyme consisting of one chain of 124 acid restdues. Myoglobin 
is a protein found in muscle trssue, and has 153 acid residues. Human hemo- 
globin contams two tdentical a-chains (141 residues) and 6-chains (146 residues). 
The determination of each of these primary structures was a long and difficult 
job and is only the first step in finding an explanation of their brologieal function 
in terms of their molecular structure. 


A Chain 











FIG. 18.13 The primary structure of beef insulin. The acids are located by | 
numbers starting with the N-terminal acid of each chain. B Chain 


Secondary Protein Structure 


Figure 18.14 shows part of a polypeptide chain in a fully extended conformation. 
This conformation, known as the 8-form, is only one of many which are con- 
sistent with the C—C and C—N bond distances and angles, since it is possible 
to fold the chain back on itself by rotating two segments about a C—C or C—N 
bond. The fully extended 8-form of the polypeptide chain ts thought to occur 
in the insoluble, fibrous proteins like 6-keratin, a major component of hair 
and nail. 

It is thought that in most proteins the polypeptide cham ts largely in the 
form of the a-helix structure proposed by Pauling and Corey in 1951. These 
workers examined theoretically the properties of several conformations of the 
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protei chain, and selected the e-helix as the one which would have the lowest 
energy, and still be consistent with the known bond angles and lengths in the 
amino-acid residues. Figure 18.15 shows two representations of the a-helix. 
The stability of this structure is derived from the fact that it allows the maxi- 
mum possible number of hydrogen bonds to be formed between the amino 
hydrogen on one acid and the carbonyl oxygen of a residue in the subsequent 


turn of the helix. 
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Part of a polypeptide chain in the ex- 
tended, or 8-conformation. [Reprinted 
by permission from the Royal Society 
and from Dr. Linus Pauling, Proc. Roy. 
Soc. B141, 10 (1953).] 





18.15 


The right-handed a-helix structure of a 
polypeptide chain. The dashed lines 
represent hydrogen bonds. [Reprinted 
by permission from The Royal Society 
and from Dr. Linus Pauling, Proc. Roy. 
Soc. B141, 10 (1953).] 
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FIG. 18.16 
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The deduction of the a-helix structure is a good example of how detailed 
knowledge of the structure of small molecules can facilitate prediction of the 
structures of complicated molecules. The fundamental dimensions of the pep- 
tide group as measured by x-ray investigations of small peptides 1s shown in 
Fig. 18.16. The C—C bond and the C—N bond which mvolves the a-carbon 
have lengths of 1.53 and 1.47 A respectively, which are normal distances for 
smgle bonds between these atoms. However, the length between the nitrogen 
and the carbon atom of the carbonyl group 1s 1.382 A, quite a bit smaller than 
the 1.47 A expected for a C—N single bond. This shortening suggests that the 
peptide link has partial double-bond character, which corresponds to the follow- 
ing resonance description : 


As a result, the peptide group has a planar conformation. That ts, all bonds 
involving the amimo nitrogen and the carbonyl carbon lie in the same plane. 
In postulating possible structures for proteins, Pauling and Corey ruled out any 
conformation which seriously violated this constramt. 





The fundamental dimensions of 
the peptide group. 








Close inspection of the a-helix shows that each peptide group is in a plane 
essentially tangent to a cylinder coaxial to the helix. Each peptide group is 
connected by a hydrogen bond to the third peptide group along the chain in 
either direction. Except near the ends of the helix, every carbonyl oxygen and 
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amino nitrogen is involved in hydrogen bonding. The helix itself is coiled very 
tightly, with no room in the center for any occluded molecules. The sense of 
the helices so far found in proteins is that of a right-handed screw. 


Tertiary Protein Structure 


If the entire polypeptide chain were in the form of the a-helix, the molecules 
would have the shape of long, relatively narrow rigid rods. A number of physico- 
chemical techniques show, however, that many proteins are globular and nearly 
round, and that others are much shorter and thicker than their chain length 
and the pure helical structure would imply. Thus there must be folding of the 
a-helix in most proteins, and perhaps little or no a-helix in others. X-ray 
crystal studies of a number of proteins are beginning to make these tertiary 
structural features clear. 

Figure 18.17 shows a schematic representation of the myoglobin molecule 
which was derived from x-ray studies. The tube represents the space occupied 





N terminus 


The secondary and tertiary structure of the myoglobin molecule. Note that the helical FIG. 18.17 
conformation of the peptide chain is lost at the bends in the molecule. Note also the 
porphyrin-ring structure attached to the chain near residue 40. 
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FIG, 18.18 


by the chain which we see is folded into a complicated form. There are regions 
in which the tube is relatively straight for 30 to 40 A, and in these regions the 
chain has the a-helix conformation. At the regions in and around the bends in 
the tube, which constitute about 30 percent of the peptide, the chain is in some 
nonhelical form. Hemoglobin also has chains that are folded into a similarly 
complicated shape. The relation between the tertiary structural features and 
biological function of the protein 1s a completely unsolved problem. 
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The general structure of a DNA or RNA molecule. <> 
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Biologists have long known that genetic information is carried by structures 
called chromosomes which are located in the nucleus of the cell, and whose 
subunits are the genes. It has been only relatively recently, however, that bio- 
chemists have been able to make substantial progress in elucidating the molec- 
ular structure of the chromosomal material. It is known that genes are made 
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up of the macromolecule deoxyribonucleic acid (DNA), and that this molecule 
carries the information needed to direct protein synthesis, and preserves and 
transmits this information during cell division. Another related type of mole- 
cule, ribonucleic acid, is present throughout the ccll, and is even more directly 
involved in protein synthesis. Before considering these molecules in detail, let 
us examine some general features of their structure. 

Nuelcic acids are polymers in which the repeating units are sugar molecules 
linked by phosphate bridges. This gencral structure is indicated in Fig. 18.18. 
In ribonucleic acid the sugar is ribose, and in deoxyribonucleic acid the sugar 
is deoxyribose. The structures of these two sugar molecules are 





2 
OH H 


Ribose Deoxyribose 


We can see that these structures differ only in that deoxyribose has two hydro- 
gens attached to the 2’-carbon, whereas ribose has both H and OH at this 
position. The numbers designating the carbon atoms in these sugar molecules 
are usually primed to distinguish them from the numbers used to locate atoms 
in the organic bases which also occur n DNA and RNA. 





ee 2 O O 
| 
C CI) C C C 
ee OY re re YY oo 
C 
oe we SEN ee Nn’ O=C. AN O0=G_ CH  0=0_ CH 
ws, _ H H H 
Adenine Guanine Cytosine Uracil Thymine 
(a) (b) 
The structures of the (a) purine and (b) pyrimidine bases that occur in DNA and RNA. FIG. 18.19 


Attached to each sugar unit in DNA and RNA is an organic base of the type 
designated purine or pyrimidine. The structures of thesc bases are given in 
Fig. 18.19. The base uracil oceurs predominantly in RNA, whereas the closcly 
related thymine is found in DNA. Cytosine is present in both nucleic acids. 
The two purine bases, adenine and guanine, occur in both DNA and RNA. 
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FIG. 18.20 


FIG. 18.21 
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Adenine Thymine 
5? 
HOCH, 
Ribose = 4’ Deoxyribose 





Adenosine Thymidine 


The structures of the nucleosides adenosine and thymidine. 


The way in which the purine and pyrimidine bases are attached to ribose 
and deoxyribose is shown in Jig. 18.20. Such a combination of a sugar and a 
purine or pyrimidine base is called a nucleoside. In the pyrimidine nucleosides 
the sugar and base are Joined by a @-glycosidic link from the 1’-carbon of the 
pentose to the 1-nitrogen of the pyrimidine base, as is shown for thymidine in 
Fig. 18.20. In the purine nucleosides, the 1’-carbon of the sugar 1s connected 
through the 6-glycosidie link to the 9-nitrogen of the purine base, as for example, 
in the molecule adenosine. 

The combination 

Base-Sugar-Phosphate 


is called a nucleotide, and is Just a phosphate ester of a nucleoside. The structural 
formulas of two nucleotides are given in lig. 18.21. The phosphate groups in 





Adenosine-5/-Phosphate Thymidine -5’-Phosphate 


The nucleotides, or phosphate esters of adenosine and thymidine. 
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these molecules are, as shown, attached to the 5’-carbon of the sugar ring, but 
the 3’-carbon of both sugars or the 2’-carbon of ribose are also possible points 
of attachment. Nucleic acids are polynucleotides, in which the phosphate groups 
link the 5’-carbon of one sugar with the 3’-carbon of the next. A partial struc- 
ture of the polynucleotide chain in DNA is shown in Fig. 18.22. 
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Part of the polynucleotide chain of a DNA molecule. 


FIG. 18.22 


The Structure of DNA 


In 1953, J. D. Watson and F. H. C. Crick proposed that DNA had a structure 
in which two parallel polynucleotide strands were wound into a double helix, a 
conformation which would be stabilized by numerous hydrogen bonds between 
bases attached to the two strands. In part, this proposal was based on x-ray 
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studies of DNA by M. H. F. Wilkins and R. Franklin which were consistent 
with a helical conformation, but in large measure it was suggested by observa- 
tions of the frequency of occurrence of the purine and pyrimidine bases. 

Prior to 1953, studies of the base composition of DNA showed that whatever 
the frequency of the individual bases, the molar ratio of adenine to thymine 
was unity, and the same was truce for the molar ratio of guanine to cytosine. 
This observation made it appear that the DNA structure was one in which 
adenine was specifically paired with thymine, and guanine was specifically 
paired with cytosine. 









4° 


bie 51° To chain 
nia To chain ae 


Structure and critical dimensions of the base pairs thymine-adenine and cytosine-guanine. 


A study of the molecular models for these base pairs finally suggested why 
this pairing occurs, and what its consequences might be. Figure 18.23 shows the 
basis of the explanation. The structures of thymine and adenine are comple- 
mentary in that they can be fitted together in the same plane so that two hydro- 
gen bonds can be formed between them. At the same time, the atoms by which 
the bases are attached to their sugar molecules, the 1-nitrogen of thymine and 
the 9-nitrogen of adenine, are at opposite ends of the molecular complex. The 
same situation holds for cytosine and guanine, except that the base association 
in this case is accompanied by formation of three hydrogen bonds. A very sig- 
nificant point is that the “end-to-end” distances given in Tig. 18.23 are nearly 
the same for the A-T and G-C pairs. 

These considerations led to the proposal that DNA consists of two parallel 
helical polynucleotide chains that are held together by hydrogen bonds between 
purine bases of one chain and pyrimidine bases of the other, and vice versa. 
The schematic structure of the DNA double helix is shown in Fig. 18.24. Each 
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The double-helix structure of DNA. Hydrogen bonds between the base pairs adenine- 
thymine and guanine-cytosine hold the sugar-phosphate strands together. [Reprinted by 
permission from American Cancer Society and Dr. L. D. Hamilton, Brookhaven National 
Laboratory; Ca, A Bulletin of Cancer Progress, 5, 163 (1955). Upper portion of drawing 


simplified for clarity.] 
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strand of the double helix eonsists of a sugar-phosphate “backbone” with bases 
extending inward toward the axis of the helix. The bases lie in planes that are 
approximately perpendicular to the helix axis, and planes of successive base 
pairs are separated by 3.4 A. A eomplete turn of the helix oeeurs every 34 A. 

The sizes of DNA molecules vary depending on the type of cell from which 
they are taken. One fairly well charaeterized sample had a molecular weight 
of about 1.4 x 10°, and thus involved approximately 400,000 nucleotides. 
Autoradiographs of DNA from the bacterium escherichia coli show molecules 
about 0.4 mm long, which would have a moleeular weight of about 10%. 


The Structure of RNA 
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While ribonucleie acid is a polynucleotide like DNA, the size and strueture of 
naturally oecurring RNA show mueh greater variation. RNA oceurs frequently 
as a single strand which may be coiled, but not in any simple, easily eharac- 
terized manner. The molar ratios of the base pairs do not show the regularity 
displayed by DNA. 

There are at least three distinct forms of RNA which have different roles in 
protein synthesis. These three molecular speeies are known as transfer or 
soluble RNA, messcnger RNA, and ribosomal RNA, and they differ considerably 
in moleeular weight and base composition. 

Transfer RNA is the smallest known type of ribonucleie aeid, and usually 
consists of 70 to 80 nucleotides with a moleeular weight of about 25,000. The 
biological role of transfer RNA is to pick up individual amino acids and earry 
them to the sites of protein synthesis. Since each amino aeid 1s reeognized 
and carried by only one type of transfer RNA, there are at least 20 distinet 
transfer RNA molecules. The sequenee of the 77 nucleotides in the RNA 
molecule responsible for the transfer of alanine was first determined in 1965 by 
R. W. Holley. 

All transfer RNA moleeules contain as terminal segments the three nucleo- 
tides containing the bases eytosine, eytosine, and adenine in that order. On 
the terminal ribose the 2’ and 3’ hydroxyl groups are free. The amino acid to 
be transferred by the RNA beeomes attached by forming an ester linkage at 
either of these two hydroxyl groups in a reaetion driven by ATP, and eatalyzed 
by an enzyme. It is the specificity of the enzyme that assures that the proper 
amino acid becomes attached to the appropriate transfer RNA moleeule. In 
the subsequent steps of protein synthesis, the amino acid is recognized by the 
t-RNA molecule to whieh it is attaehed. 

Messenger or template RNA is the most recently discovered form of ribo- 
nucleie aeid. Its biologieal function is to carry the genetie information eon- 
tained in one portion of one strand of a DNA moleeule in the nueleus to the 
ribosomes, whieh are the site of protein synthesis. The transeription of the 
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information on the DNA molecule to messenger RNA evidently involves a 
partial uncoiling of the DNA helix, and then specific base pairing between the 
DNA and the nucleotides of the messenger RNA as the RNA is synthesized. 

Ribosomal RNA has the highest molecular weight (about 1.2 x 10°) of the 
cellular ribonucleic acids. It is concentrated in the ribosomes of the cell, where 
it participates in protein synthesis in some manner which is obscure at the 
present time. 


18.7 BIOLOGICAL FUNCTIONS OF THE NUCLEIC ACIDS 


The DNA molecule has two major functions: it contains the mformation neces- 
sary to replicate and synthesize new DNA for the chromosomes of daughter 
cells, and it stores and supplies the information necessary for protein synthesis. 
This information is containcd in DNA as a genetic code cxpressed by the 
sequence of the bases adenine, quanine, cytosine, and thyminc. Since DNA 
directs the synthesis of the enzymes which in turn catalyze the cell reactions, 
it is of central importance in physiological chemistry. 


Replication of DNA 


The double helical structure of DNA suggests the way in which this molecule 
may replicate. Because of the specific base pairing of adenine with thymine 
and guanine with cytosine, the two strands of the helix are complementary, and 
a particular base sequence in one strand implies a specific sequence in the other. 
In replication, the two polynucleotide chains may unwrap, either partially or 
fully, and act as templates upon which free deoxyribonucleotides can be de- 
posited and linked in a complementary pattern. The result is two DNA mole- 
cules identical to the first. This process is indicated schematically in Fig. 18.25 
on page 782. 

Experiments in which bacteria have been allowed to replicate in a medium 
containing nitrogenous compounds entirely labeled with the isotope N!° have 
shown that the DNA in the first-generation daughter cells is 50 percent labelled 
with N?°, This suggests that in the daughter cells, the DNA had onc helical 
strand from the parent cell which contained only N?4, and one newly synthe- 
sized strand which had only N!*-labelled bases. When these daughter cells 
were transferred to an all-N’4 medium and allowed to replicate, their first 
generation had some DNA which contained entircly N14, and some which had 
equal amounts of N‘* and N!°. The purc-N'* DNA evidently came from the 
N'* strand in the parent serving as the template for synthesis of a new strand 
containing only N}4-labelled bases, while the N!4-N?° DNA came from com- 
bination of the N!° strand with new N?* nucleotides. These results are con- 
sistent with the DNA replication mechanism outlined above. 
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FIG. 18.25 


A schematic representation of the DNA replication process. In step (a), the double- 
stranded helix separates. In step (b), free nucleotides complementary to those in the 
DNA strand are delivered and selected by base pairing, and then linked in (c) to give a 
completed DNA molecule. A, T, G, andC stand for adenine, thymine, guanine, and cytosine 
respectively, the sugar-phosphate chain by S—P—S. 


Nucleic Acids and Protein Synthesis 
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As we have already remarked, the DNA in the cell nuclcus contains in its base 
sequence the information necessary to direct specific protem synthesis. The 
sites of protcin synthesis are the ribosomes, which are located on the endo- 
plasmic reticulum. The genctic information is carried from the nuclear DNA 
to the ribosomes by messenger RNA. In addition, transfer RNA delivers the 
amino acids for protcin synthesis to the ribosomes, and serves as the label by 
which each acid is recognized. 

The relation between the molecules and processes involved in protem syn- 
thesis is indicated schematically m Fig. 18.26. In the cell nucleus the DNA 
serves as a template upon which ribonucleotides are deposited and messenger 
RNA synthesized. The base sequence in the m-RNA is complementary to the 
sequence in the part of the DNA template uscd. 

As the transcription of the DNA code to m-RNA goes on in the nuelcus, in 
the body of the cell specific enzymes attach amino acids to transfer RNA. The 
m-RNA and t-RNA move to the ribosomes where they interact. The m-RNA 
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The general scheme for information transfer and protein synthesis. 


selects the certain t-RNA and its amino acid by a base-pairing mechanism 
between the two molecules. Another selected t-RNA and its acid complexes on 
the m-RNA adjacent to the first acid, and a peptide bond is formed. The first 
t-RNA then leaves, freed of its acid. The process continues as the specific 
t-RNA and its acid appropriate for the third position in the peptide chain 
arrives, 1s recognized by base-pairing, and complexes with m-RNA. Acids con- 
tinue to be added m this manner until a base sequence in the m-RNA its en- 
countered that causes the synthesis to stop. It is known that polypeptide 
growth starts from the amino or nitrogen end of the peptide chain, with succes- 
sive acids being added to the carboxyl end. In at least some cells, the growth of 
a chain is always triggered by a molcculc of the amino acid methionine which 
has had a formyl! group HCO— attached to the amino nitrogen. This formyl 
group blocks growth of the peptide chain at the nitrogen end, but allows sub- 
sequent acids to be added to the carboxyl end of the molecule. 





FIG. 18.26 


The Genetic Code 


We have seen that there are only four different kinds of bases in DNA mole- 
cules, and that the sequence of these bases must be able to determine uniquely 
the sequence of 20 amino acids in a protein chain. Since there are fewer types 
of bases than amino acids, it must be that various groupings of bases constitute 


18.7 BIOLOGICAL FUNCTIONS OF THE NUCLEIC ACIDS 


829 


genetic eode words for the different acids. The code word in DNA whieh corre- 
sponds to a specific acid must consist of more than a base parr, since there are 
from four bases only 4? or 16 distinet types of pairs. This is not enough words to 
specify the 20 amino acids separately. The words of the code could consist of 
base triplets, sinee there are 4° or 64 distinct combinations possible, more than 
enough to specify 20 amino acids. 

The actual code words that correspond to eaeh of the 20 amimo aeids have 
been discovered by feeding synthetie RNA of known base composition to eells, 
and detecting the new polypeptides formed as a result. For example, mn an 
early experiment a synthetic RNA containing only the base uraeil (“poly U”) 
was used, and a small amount of a polypeptide which contained only the amino 
acid phenylalanine was found. This suggested that the RNA base code word 
for phenylalanine is the sequenee of three uracils, UUU. Similar experiments 
with other synthetic RNA’s led to the discovery of the triplets for the other 
acids. 

In other, separate work, it was diseovered that trinucleotides of only three 
uraeil bases (UUU) or three adenine bases (AAA) or three eytosmes (CCC) 
were able to eause the binding of the transfer RNA of respectively phenyl- 
alanine, lysme, and proline to the ribosomal sites where polypeptide synthesis 
oceurs. In contrast, the dmucleotide UU showed very little such aetivity. This 
observation eonstitutes a quite direct demonstration that the genetic eode is 
indeed made up of triplets of bases. 


18.8 CONCLUSION 


From this brief introduction to biochemistry we can see that the begmnings 
of an understanding of the life proeess in terms of molecular properties and 
structure are well established. As this understanding deepens and becomes 
more complete, it may beeome possible to treat disease and aging as ehemieal 
problems, and to perform specific chemical alterations and construction of 
genes. The construction of specifically designed organisms is an inevitable 
result of this work. The area of biochemistry introduees, therefore, not only 
problems of immense scientifie challenge, but opens up possibilities which have 
moral and humanistic implications that exeeed any yet encountered by mankind. 
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PROBLEMS 


18.1 For the following classes of molecules give a brief description of the chemical 
composition, molecular structure and conformation, and the principal biochemical 
role: 

a) lipids; b) proteins; c) earbohydrates; 

d) nucleotides; e) enzymes; f) cytochromes. 

18.2 Briefly describe the principal function of cach of the following animal cell com- 
ponents: 

a) lysosomes; b) mitrochondria; c) nucleus; 

d) ribosomes; e) membrane. 


18.3. Explain the significance of the following: 

a) the Krebs or citric acid cycle; 

b) the Embden-Meycrhof glycolytic pathway; 

c) coupled reactions in biochemistry; 

d) purine-pyrimidine base pairing in DNA and RNA; 

e) the base sequence in nucleic acids; 

f) polyphosphate groups; 

g) ATP. 

18.4 List the four principal types of nucleic acids, and describe briefly their structure 
and function. 


18.5 For each of the following molecules, describe briefly a principal biological 
function: 


a) bile acids; b) Coenzyme A; c) NAD; d) glycogen; 
e) glucose; f) triglycerides; ¢) the porphyrin ring structure. 
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CHAPTER 19 


THE NUCLEUS 


Even though the nuclei retain their identities in chemical processes, and even 
though nuclear properties other than charge influence chemical behavior only m 
indirect and subtle ways, the nature of the nucleus is an rmportant subject to 
chemists. The abundance of the elements and their origm is a problem in nuclear 
structure and reactivity. The synthesis of new clements not found in nature 
has been carried out primarily by chemists. The use of both radioactive and 
stable isotopes has aided in the determination of the mechanisms of chemical 
reactions and complex biochemical processes. Many of the problems that are 
associated with the use of nuclear reactions as sources of energy are chemical in 
nature. Thus there are ample reasons for all chemists to be familiar with nuclear 
properties and phenomena. In this chapter we shall examine the aspects of 
the nucleus that are of most importance in chemistry. 
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To begin, let us review some definitions and notation. Nuclet are composed of 
protons and neutrons, and thus these particles are often referred to as nucleons. 
The description of a particular nucleus is given in terms of its charge Z and its 
mass number A, which is the sum of its neutrons and protons. To represent a 
nucleus, the chemical symbol is written with a subscript equal to Z and a 


superscript equal to A. Thus 
16 17 18 
gO 5 gO ) gO ) 


represent three isotopes of oxygen: nuclei with the same charge but different 
mass humbers, 

Now we ean discuss the general properties of the nucleus—its size, mass, 
shape, and the type of forees that hold rt together. 


Nuclear Size 


The first indication of the size of the nucleus was the Rutherford a-particle 
seattering experiment, which we discussed in Section 10.2. The qualitative 
result of Rutherford’s experiment 1s that a@-particles can approach to within 
10—!* em of the center of ai atom and still be seattered away by a foree given 
by Coulomb’s law. If, however, the energy of the bombarding a-particles is 
nuereased suffierently, the rntensity pattern of the seattered a-partieles ehanges 
mm a way whieh rndieates that Coulomb’s law of repulsron farls when a@-particles 
eome very elose to the atomie eenter. The scattermg pattern and other data 
indicate that the potential energy of an a-particle as a function of the distanee 
from the atomie center can be represented as in lig. 19.1. As the a-partiele 
approaches the nueleus, there is an initial repulstve Coulomb force that causes 
the potential energy to rise until the a-partiele is elose enough to feel the very 
strong attraetive nuclear forees. At this distanee, which we might take as the 
nuclear radius, the potential energy drops abruptly. The mcrease in potential 
energy that au a-partiele experrences as it enters or leaves the nucleus rts often 
ealled the Coulomb barrier. 


Potential energy 






Distance of a-particle 
from eenter of nucleus 
The potential energy of an a-particle FIG. 19.1 


as a function of its distance from the 
center of a nucleus. 


Beeause a neutron is uncharged, it experiences ro Coulomb repulsion when 
it approaches a nucleus. Instead, the potential energy of a neutron remains 
essentially eonstant until it falls abruptly at a distanee somewhat less than 
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FIG. 19.2 
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10—-!% em from the atomic center. This behavior is represented in lig. 19.2. 
As far as a neutron is concerned, the nucleus is a potential energy “well” with 
rather steep sides. Because the neutron experiences an abrupt change in poten- 
tial energy at the nuclear surface, the pattern of neutrons scattered by nuclei 
can be used to determine the size of the nucleus. A large number of nuclear 
radii have been determined by neutron scattering, and the results can be sum- 
marized by the following equation: 


R — RoA se 


Loa) 
jig — SSC ei. ( 


In Eq. (19.1), & is the nuclear radius, A is the mass number, and Fo Is a con- 
stant common to all nuclei. 

We can draw an interesting conclusion from the dependence of the nuclear 
radius on the mass number. The nuclear volume V should be proportional to 
R? or, according to Eq. (19.1), to A: 


Vo Feta A. 


Thus the nuclear volume is directly proportional to the total number of neutrons 
and protons in the nucleus. This fact suggests that protons and neutrons pack 
together somewhat like hard spheres and make the total nuclear volume equal 
to the sum of the volumes of individual protons and neutrons. We shall en- 
counter other evidence that is consistent with this simple picture, but it should 
not be overinterpreted. The nucleons in the nucleus are not stationary, stacked 
like oranges, but they contribute to the nuclear volume as though they were. 


Nuclear Shape 


834 


A perfectly spherical nucleus exerts an electrical force on the atomic electrons 
that is given exactly by the Coulomb law expression. However, 1f the protons 
in the nucleus are not grouped in a spherical shape, the nucleus 1s said to have 
an electric quadrupole moment, and the surrounding electrons feel, in addition 
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to the Coulomb attraetion, a small electric quadrupole foree. While the effeets 
of the nuclear quadrupole are small, they can be detected, and a measure of the 
quadrupole moment and the shape of the nucleus obtained. Several nuclei have 
zero quadrupole moment and thus are spherical: ,H, gO, o9Ca, ogNi, 54Sn, and 
g2Vb are a few examples. Nuele: which have atomie numbers close to one of 
those in the preceding list are either spherical or very nearly so, while the 
majonty of other nuclei are slightly prolate spheroids (football shaped). The 
departure from spherical shape is never very extreme: the ratio of the semi- 
major axis to the semiminor axis is generally less than 1.2. 


Nuclear Masses 


The umt of nuclear mass is the atomie mass unit, or amu, which is defined to 
be exactly 75 of the mass of a gC’? atom. On this seale, a neutron has a mass 
of 1.00866544, while the mass of a hydrogen atom (proton plus eleetron) is 
1.00782522. In a discussion of nuclei we might expeet to be coneerned primarily 
with nuclear masses, but it is the masses of atoms (nucleus and eleetrons) that 
are determined experimentally and tabulated. This does not introduce any 
serious complications, as we shall see subsequently. 

Because both the neutron and the hydrogen atom have a mass of nearly 
1 amu, the masses of the various isotopes of atoms are all near integral values. 
In fact, the observation of integral masses was the basis for the original sug- 
gestion that nuclei are made up of neutrons and protons. A careful comparison 
of the mass of any atom with the sum of the masses of its constituent hydrogen 
atoms and neutrons reveals an interesting mass deficieney. Consider, for ex- 
ample, the atom ,0'®, which has a mass of 15.994915 amu. In contrast, the 
mass of eight neutrons and eight hydrogen atoms together is 16.131925 amu. 
Therefore, ,0'° is lighter than we might expeet by (16.131925 — 15.994915) 
amu or 0.137010 amu. By the mass-energy equivalenee expressed by the 
Einstein relation 


E = mc’, (19.2) 


the mass deficiency of the oxygen atom ean be attmbuted to the energy evolved 
or lost by the system when cight neutrons, protons, and eleetrons are formed 
into an gO'® atom. In Eq. (19.2), ¢ is the velocity of light; if it is expressed 
in centimeters/seeond, and the mass ™ in grams, the units of energy J: are ergs. 
Thus 1 gram-mass is equivalent to about 9 < 107° ergs, or 2.1 x 10!° keal. 
Another mass-energy equivalence that is used more commonly is the following: 
1 amu is equivalent to 931.4 million eleetron-volts energy (931.4 Mev). The 
energy released when one oxygen atom is formed from its neutrons, protons, 
and electrons is, therefore, 0.137010 « 931.4 or 127.6 Mev per atom. To appre- 
clate how large an amount of energy this is, compare it to the 5.2-ev energy 
released when two oxygen atoms form a strong chemical bond with each other. 
In general, the energies associated with nuclear proeesses are roughly a million 
or more times as great as the energies involved in chemical phenomena. 
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Nuclear Forces 
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By comparing the measured mass of an atom with the sums of the masses of 
its constituent neutrons, protons and eleetrons, we can ecaleulate the total 
energy J, which binds the nucleus together. More instruetive than the total 
binding cnergy, however, is the binding energy per nucleon, /,/A, which 1s 
plotted in Fig. 19.8 as a function of mass number. After an abrupt rise among 
the lightest nuclei, the binding energy per nuclear particle ehanges only shghtly 
and has a value of approximately 8 Mev per nueleon. The nuclei of maximum 
stability have mass numbers of about 60 or charges of about 25. Beeause of 
the maximum in the binding energy per particle that occurs near mass 60, the 
fission of a very heavy nucleus to a pair of nucle: of approximate mass 60 1s a 
process that releases energy. Similarly, the fus‘on of two of the hghtest nuclet 
is ulso accompanied by release of energy. 

Beeause there are only shght variations m the bindmg energies per nucleon 
for elements of mass number greater than 20, we can say that, to a first ap- 
proximation, 


™ eonstint 


or 
Iv, & constant * A. 


That is, the total bindme energy of a nucleus is approximately proportional 
to the number of nucleons. This observation suggests that the forees that 
bind the nucleons together are of short range; that is, one nueleon exerts attrac- 
tive forees only on its nearest neighbors. If the nuclear forees were of long 
riunge, each of A nueleons would be attracted to A — 1 others, and the total 
nuclear binding energy would be proportional to A(A — 1), stead of to A. 

Besides being of short range, the adéractive forees between nucleons are m- 
dependent of charge. There is, however, a Coulomb repulsion between protons, 
so the nef binding energy of two protons is less than that of two neutrons. 
When a correetion is made for the Coulomb repulsions between protons, the 
attractive nuclear binding energy ts found to be 14.1 Mev per particle; it is the 
Coulomb repulsion between protons that reduces this to the net value of 8 Mev 
per particle we discussed earher, 

Now let us suppose that in the nucleus, the neutrons and protons mteract as 
though they were close-packed spheres, each having 12 nearest neighbors. 
This would mean that there exists 42, or 6, nueleon bonds or attractions per 
particle, sinee two particles are required to make one bond, Thus we might 
interpret the binding energy of 14.1 Mev per particle to mean that the energy 
of attraction between «a single pair of nucleons is 14.1/6 or 2.3 Mev. There is 
one nueleus, }H?, in which there is only one nucleon-nueleon attraetion, and 
the binding energy is in faet 2.2 Mev. Thus the erude idea that nucleons mter- 
vet only with their 12 nearest neighbors seems to be substantiated, at least 
approximately. 
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Binding energy per nucleon as a function of mass number for some stable nuclei. 


While they tell us nothing about the origin of nuclear forces, the foregomg 
observations do suggest the qualitative nature of the nucleon-nucleon inter- 
action, and how it affects the stability of the nucleus. In 1935 Von Weizsacker 
devised a semiempirical expression for the nuclear binding energy which is 
based largely on the qualitative picture we have outlined. The total nuclear 
binding energy is given, to a good approximation, by 


0.647 
Ali3 ; 





Coie ane (19.3) 


The first term on the right-hand side expresses the fact that the attractive 
binding energy is 14.1 Mev per particle. Nucleons at the nuclear surface do not 
have their full complement of 12 nearest neighbors, however, and therefore do 
not coutribute a full 14.1 Mev to the nuclear binding energy. The number of 
surface nucleons is proportional to the surface area, which in turn varies as the 
nuclear radius squared, or as A?/3, Consequently, the term —13A*!? appears 
in the binding energy equation; it is negative to represent the loss of binding 
energy due to surface effects. Finally, there is the Coulomb repulsion between 
protons, which also constitutes an energy loss, and its effeet is represented by 
the term —0.6Z7/A"!?. Coulomb repulsion increases as the square of the 
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number of protons, and the energy loss is inversely proportional to the nuclear 
radius, or to Al’®. 

While Eq. (19.3) shows how some of the gross nuclear properties affect the 
binding energy, it does not, by any means, provide a complete picture of nuclear 
binding. Other more subtle effects are important. For example, nuclei with 
even numbers of neutrons and even numbers of protons seem to be particularly 
stable. Table 19.1 shows the distribution of stable nuclei. 


Table 19.1 Frequency of occurrence of stable nuclear types 





A N Z Number of nuclei 
Even Even 166 
Even 
Odd Odd 8 
Even Odd Le) 
Odd 
Odd Even 53 


There are only eight stable nuclei which have an odd number of both neutrons 
and protons, and most stable nuclei are of the even-even type. These observa- 
tions suggest that there is a separate pairing of neutrons and of protons that 
affects nuclear stability. There is an even more specific effect having to do with 
numbers of protons and neutrons. Nuclei which have the “magic” neutron or 
proton numbers 2, 8, 20, 28, 50, 82, 126 are particularly stable and abundant 
in nature. The existence of these magic numbers suggested a “shell model” of 
the nucleus: an energy-level scheme somewhat analogous to the orbital energy- 
level scheme used for atomic electrons, and this idea has led to successful 
predictions of a number of nuclear properties. 


RADIOACTIVITY 


We have already mentioned one form of natural radioactivity, the spontaneous 
fission of a very heavy nucleus into two more stable fragments of mass number 
near 60. Spontaneous fission is rather uncommon, and most spontaneously 
radioactive nuclei decay by emitting either an a-particle, a positive or negative 
B-particle, a Y-ray, or by capturing an orbital electron. Some simple rules for 
predicting the occurrence and nature of radioactivity can be generated by 
reference to Fig. 19.4. By plotting the charge Z as a function of the number of 
neutrons N for all the nonradioactive nuclei, we find that the stable nuclei fall 
in a well-defined belt. For nuclei lighter than 99Ca*®, most stable nuclei have 
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equal numbers of neutrons and protons. Among the heavier elements, the most 
stable nuclei contain more neutrons than protons. It appears that the cause of 
this behavior is the excessive Coulomb repulsion that occurs in nuclei of high 
charge, and this can be diminished somewhat by increasing the neutron number 
and mcreasing nuclear size. 
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The number of protons as a function of the number of neutrons for the stable nuclei. 


FIG. 19.4 


Beta-Decay Processes 


Nucler that lie outside of the belt of stability are radioactive and decay in a 
manner that forms a nucleus which lies m the stable region. Nucler that he to 
the right of the stability belt in lig. 19.4 are neutron rich and achieve stability 
by emitting negative 6-particles, or electrons. This process can be pictured as 
a transformation of a neutron in the nucleus to a proton and an electron which 
is emitted. The nucleus that results has one more proton and one less neutron 
than its parent and lies closer to the belt of stability. In contrast, nucler which 
lhe to the left of the stable region in I'ig. 19.4 must diminish their positive charge 
to achieve stability. Two processes are possible: the first is the capture of an 
orbital electron (K-capture) followed by conversion of a proton to a neutron; 
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the second possibility is the emission from the nucleus of a positron, or positive 
electron, which results in the conversion of a nuclear proton to a neutron. As 
examples of the foregoing processes we have: 





na. were : 
Re AGU Ge Oe A oe Gus 
positron emission stable negative 8-emission 
AO BO Le 20.5 Oued ane PO ae 
clectron capture stable negative 


8-emission 


A spontaneous 6-decay process releases energy, and although the nucleus 
does not undergo a change in mass number, there is a decrease 1 its mass. As 
an illustration, consider 

aces a as mil ose 


To calculate the energy released in this process, we have only to compare the 
mass of a gC!* atom with the mass of a gN‘* atom, because in the decay, a carbon 
atom with six orbital electrons is converted to a nitrogen zon with six orbital 
electrons and a 6-particle. The total mass of these products is, therefore, equal 
to the mass of a 7N!* atom. The mass of 7N'* is 14.003074 amu and that of 
sC!* is 14.003242. The mass difference, 1.68 X 107~* amu, corresponds to 
0.155 Mev, the total energy released in the 8-decay process. 

Calculation of the energetics of a positron-decay process requires some care. 
We can write the decay of gC’? as 


11 11 0 

6 = ro yeeeie = seeye las 
nucleus —+- nucleus + 6 clectrons 
6G clectrons -- positron 


Thus the total mass of the products is equal to the mass of a 5B"! atom, plus 
the mass of the extra orbital electron not used by boron, plus the mass of the 
positron. The energy equivalent to the electron or positron mass 1s 0.511 Mev, 
so the energy of the positron-cmission process 1s 


(mass gC!! — mass ;B!") X 931 — 2 x 0.511 Mev, 
or 


(11.011443 — 11.009305)(931) — 1.022 = 0.156 Mev. 


Because a positron decay produces two “extra” particles equivalent to 1.022-Mev 
energy, the energy released by positron emission is less than the atomic-mass 
differences. Unless the atomic-mass difference exceeds 1.022/931 or 1.098 * 107° 
amu, spoutaneous positron emission 1s not possible. 
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After an orbital electron-capture process sucli as 


15 clectron N ee 
7+ } 


S capture 


the correct number of electrons is associated with the newly formed nucleus, so 
the energy evolved can be calculated directly from the atomic masses. Tor the 
example at hand, we have 15.003072 for the mass of g0!°, and 15.000108 for 
the mass of ;N!°. Consequently, the energy released is 2.76 Mev. 


Energy 


20 Mev 





Energy diagram for a-particle emission. Level A-A represents the energy of the a-particle 
in the nucleus. Level B represents the kinetic energy the a-particle would have if it passed 
over the Coulomb barrier. Level C represents the kinetic energy of an a-particle that has 
tunneled through the Coulomb barrier. 


FIG. 1975 


Alpha-Decay Processes 


With few exceptions decay by a-particle emission occurs only among elements 
with mass numbers greater than 200. A typical example of a-decay is 


A Ole Bas Salle ae oHet, 


We see that the nuclear mass number decreases by four, and the nuclear charge 
by two units in this process. A particularly intriguing feature of a-decay 1s the 
observation that the energies of the emitted a-particles all he between 3 and 9 
Mev. The reason this is interesting can be uuderstood with the help of Fig. 
19.5, which shows the potential energy of imteraction between an a-particle and 
a nucleus. Apparently, in order to be emitted, an a-particle im the nucleus 
should have enough energy to surmount the Coulomb potential-energy barrier, 
and after the a-particle has left the nucleus, the Coulomb repulsiou should 
accelerate it to a kinetic energy equal to the barrier height, which ts 20 Mev or 
more. This amount of energy is much greater than the largest value observed 
experimentally. This discrepaucy can be removed if the behavior of the a-par- 
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ticle is deseribed in terms of quantum mechanics. From this pomt of view, 
there 1s a finite probability that the a-particle will escape from the nucleus, 
even though it has insufficient energy to “pass over” the potential-energy 
barrier. In effeet, the a-particle behaves as though it can “tuniel” through the 
barrier at an energy level below its maximum and thus aequire an energy which 
is less than 20 Mev as it departs from the nucleus. The mathematical analysis 
of this “tunneling” phenomenon leads to the prediction that the narrower the 
potential-energy barrier, the more probable and frequent is the emission of the 
a-particle. Beeause the width of the nuclear barrier deereases as energy m- 
ereases, we can expect that those nuclei which undergo a-deeay most frequently 
also emit the most energetic a-particles. This correlation between emrssion 
frequency and energy is observed experimentally. 


Gamma-Decay Processes 


FIG. 19.6 
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Frequently the daughter nueleus formed by a- or B-deeay of its parent 1s pro- 
duced in un excited state. The newly formed nucleus releases this exeitation 
energy by emittmg a Y-ray; that is, electromagnetic radiation of extremely short 
wavelength. A nucleus can have only diserete energies which are determmed 
by its strueture. Therefore, it can only emit Y-rays that have energies equal to 
the difference in the energy of two nuclear levels. Consequently, an exerted 
nucleus has a diserete emission spectrum of Y-rays, just as an atom has a char- 
acteristic emission speetrum of visible and ultraviolet radiation. By determining 
the energies of emitted Y-rays, the energy-level pattern of a nucleus ean be 
deduced, at least in part. For example, consider the data summarized m I'ig. 
19.6. The nucleus 92U7** emits a-partieles which have energies of either 4.18 
Mev or 4.13 Mev. When a 4.13-Mev a-partiele is emitted, the daughter nucleus, 
oo lh7?4, is left in an exeited state which has an energy (4.18 — 4.13) or 0.05 
Mev greater than the state reached when a 4.18-Mev a-particle is emitted. 
Consequently, it might be expected that the exeited nucleus should emit a 
0.05-Mev y-ray, and this 1s indeed found experimentally. In other decay pro- 
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cesses, several excited states of the daughter nucleus are formed, and a number 
of Y-rays of different energies are emitted. In such cases, complete analysis of 
the energies of the emitted particles and Y-rays allows the nuclear chemist to 
construct a detailed cnergy-level pattern for the daughter nucleus. 


Interaction of Radiation with Matter 


The a-, B-, and Y-particles emitted in nuclear decay processes are highly 
energetic species which can cause substantial chemieal alterations in the matter 
with which they interaet. All three types of radiation cause the electronic 
excitation and ionization of atoms and molecules. The electrons produced by 
these primary lonization processes, in general, have high kinetic energy and can 
themselves cause further ionization and excitation. 

The electronie exeitation of a molecule may lead to its dissociation into atoms 
or free radicals, or may eause it to react directly with other molecules. The 
atomic and molecular ions produced by radiation are also usually very reactive, 
and this may have important chemical eonsequences. For example, irradiation 
of a mixture of H» and Dg, a very simple echemieal system, induces a number of 
chemical reactions which lead to the formation of HD. Some of the more 
Important reactions are 


He +a— Ht + a+ e7 (fast), 
on -- H? => EET + 2en, 
Mega = HD) ps 
heme ies Ho 
H,.Dt + e (slow) — HD + H. 


In more complex chemical systems, the variety of ions, excited molecules, 
atoms, and free radicals which are produced by the primary nuclear radiation 
and secondary electrons can be much greater, and the resulting chemical 
changes more complicated. Biochemical systems, with their very complex and 
often delicate molecules, are particularly susceptible to deleterious alteration 
by radiation. 

The human body is fairly well protected from the effects of certain types of 
radiation, so long as the radiation sources are not ingested and incorporated in 
vital organs. Even the most energetic a-particles can travel only a very short 
distanee in condensed matter before they lose their initial kinetic energy and 
become converted to harmless helrum atoms. Thus a-particles are stopped 
without effect by the outermost layer of the skin. However, if an a-particle 
emitter like Pu??® is ingested, it tends to concentrate in the bones where its 
a-emission can interfere with the red blood cell production. Consequently, 
plutonium is one of the most deadly poisons known, and has a maximum tolerated 
dose of only 0.7 microgram. 
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In a similar manner, the skin can protect the human body from the more 
serious effects of 6-particles of moderate energy. However, severe burns can 
result from exposure to intense external 8-radiation, and ingestion of B-emitters 
such as Sr?° and H® can be very serious. The skin does not provide protection 
from x-rays, Y-rays, and neutrons, which do penetrate the body, and can induce 
changes 1n internal organs. 

It is clear that some measure of the amount of radioactivity in a given chemical 
system is needed. Since the emission of an a-, B-, or Y-particle corresponds to 
the alteration or “decay” of a nucleus, the activity of a source can be expressed 
in terms of the number of decays which occur per unit time. The standard unit 
of radioactivity is the curze, which corresponds to 3.70 X 10!° disintegrations 
per second. The natural radiation in 1 cm? of air is about 107'° microcurie 
(mostly radon), while milk contains approximately 5 X 10~° microcuries of 
Ix?° in 1 em’. The human body has a total activity of about 0.1 microcurie, 
due to ingestion of naturally occurring K*° and C’*. In contrast, the total 
activity in the projected large breeder nuclear reactors would be approximately 
10'° curies. 

While the curie is the unit of nuclear radioactivity, other units are used to 
measure the amount of radiation necessary to produce a given effect in matter. 
The first of these units is the roentgen, which is defined as the quantity of x-rays 
or Y-radiation which produces in 1 cm? of air positive ions of total charge equal 
to one electrostatic unit. This corresponds to the creation of 2.1 X 10° singly 
charged ions, since the fundamental electronic charge is 4.8 X 107 *° cohen: 
luminous dial watch produces approximately 30 milliroentgens (mr) per year, 
while a dental or chest x-ray involves 5000 mr of radiation. The roentgen is 
applied only to x- and Y-radiation. To measure the effect of all types of radiation, 
the rad unit is used. One rad is defined as the amount of radiation which will 
deposit 100 ergs of energy in each gram of material. The energy deposited in 
1 gm of water or tissue by 1 roentgen is approximately 90 ergs. ‘Thus 1 roentegen 
is equivalent to a radiation dose of 0.9 rad in body tissue. 

A dose of several hundred rad over the entire human body results in death 
within a few weeks. For doses of 100 rads, the immediate death rate 1s effectively 
zero, but such heavy exposures may have delayed (~20 years) consequences, 
such as leukemia, cancer, and a general acceleration of the aging process. It 1s 
very difficult to define the maximum dose of radiation which can be tolerated 
without a substantial chance of long term damage. It has never been established 
that doses of less than 50 rads actually do lead to cancer in humans, but this may 
only be a consequence of the limited number of cases of this type that have been 
studied. By extrapolating the effects of high dosages down to lower dose rates, 
the International Commission on Radiological Protection has established 
maximum permissible doses (MPD) of radiation for the limited group of people 
who work with radioactive material. Currently, the MPD is 5 rads per year. 
However, for the population as a whole, it is recommended that exposure be 
limited to less than 0.2 rad per year. Nuclear reactors used for energy sources 
must be designed to be consistent with this exposure limitation. 
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19.3 NUCLEAR REACTIONS 


In 1919, Rutherford achieved the first artificial transmutation of an element 
by bombarding a sample of iitrogen with a-partieles from a radium souree. 
The reaction was 


a + lee ae gO!" + 1H’, 


and Rutherford was able to detect the emitted protons. Because a-partieles 
available from naturally radioaetive sources have a limited range of energies, 
they can mduee relatively few nuelear reactions. The development of partiele 
aceclerators hke the evelotron and its various modifieations has made it possible 
to produee relatively intense beams of energetic partieles, and a very large 
number of nuelear reactions have been studied. One of the best known aehieve- 
ments in this area has been the synthesis of the trans-uranium elements. Here 
are four such nuclear reaetions which illustrate the use of four different bombard- 
ing particles: 
92288 +H? 
polices de sHe* 
A ha fe Ae 
rou ay. ai 


o3Np-72> + Zen, 
PI Se pile 
nel” + Giles 
oglis?*? - Sonl. 


be 


The compound nucleus formed by the combination of the target and bombard- 
ing nuclei is cnergy-riech, and this results in the ejeetion of one or more neutrons. 
Heavy nuelei formed by bombardment with »He*, ,C!7, or 7N!* followed by 
neutron emission have a deficieney of ueutrons, and therefore subsequently 
undergo electron-eapture or positron-emission proeesses. 

The quantities of material that can be trausmuted by echarged-partiele bom- 
bardment is always severely limited by the intensity of the partiele beam and 
sometimes by the amount of target material. The first syuthesis of }9;Md?°® 
was achieved by bombarding 10° atoms of 99[s?°? with a-particles, and only 
13 atoms of 19; _Md?°° were detected in the products. To syuthesize radioaetive 
isotopes i quautity, neutron-eapture reactions are useful, for high fluxes of 
ueutrons exist in nuclear reactors. For example, tritium, ;H®, can be produeed 
by two neutron reactions: 


5b!°9 42 oni — ,H? + 2.He*, 
& Cine +- Aina ae ce + slie.: 


The nucleus »7Co®, whose decay product emits Y-rays useful in cancer therapy, 
is also a produet of a neutron-capture reaction, 


PAOD. at- a llue— oe © one 
The most famous of nuclear reactions is the fission of 92U?°°, induced by 


neutron capture. There are no unique produets of this reaction; the fission 
produces fragments whose mass numbers range from approximately 70 to 160. 
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FIG. 19.7 


One fission process for 92U*?? is 
7235 1 90 7 Mee Meee 
92 U + ol =| 3 gpI + 54XC + doh ; 


Approximately 50 other modes of fission occur, and varying amounts of energy 
and different numbers of emitted neutrons are associated with each process. 
On the average, however, approximately 200 Mev of energy and 2.5 neutrons 
are released in the fission of 92U°**°. The intense radioactivity ef the fission 
products makes their chemical identification difficult. Nevertheless, these data 
have been obtained and are displayed in Fig. 19.7 by plotting the logarithm 
of the percentage yield as a function of the mass number. The two maxima of 
the yield curve show that the majority of the fissions occur asymmetrically to 
yield two fragments of rather different mass numbers. 
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Because more than one neutron is emitted per fission process on the average, 
it is possible for the fission of U?*° to be self-maintaining. If neutrons are not 
lost in other ways, the fission of one nucleus can induce the fission of two or three 
others, and so on. When carried out in a controlled manner in a nuclear reactor, 
this chain fission process is a valuable energy source, for the 200 Mev per fission 
process amounts to 5 X 10° keal/mole of U??°. As of 1972, there were 30 
nuclear power plants in the United States, and these generated 4 percent of 
the nation’s electrical power. However, another 130 nuclear power plants were 
either under construction or licensed by the Atomic Energy Commission. 

In a conventional nuclear reactor used for power generation, the fuel is 
uranium oxides which have been enriched to contain approximately 3 percent 
U*3°_ The enrichment is necessary, since the natural abundance of the fission- 
able U*?° is only 0.7 percent of the heavier U?°°, which is not fissionable. The 
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uranium oxides are hermetically sealed in tubes of a zirconium alloy, and as- 
semblies of these tubes are mounted within a heavy-walled steel vessel, as shown 
in Fig. 19.8. Water at a pressure of 150 atm is used to remove the heat generated 
in the fuel rods, and transfer it to a steam generator. The water also serves to 
moderate the energy of the fast neutrons emitted by the fission process, and 
convert them to slow neutrons which are more effective in inducing fission of 


236 


Containment Shell Steam generator 









Steam 


Water 


Cooling 
water 


Fuel 
rods 


Water pump Water pump 


Schematic diagram of a pressurized water nuclear reactor. 


In the steam generator, heat is transferred from the pressurized water to a 
secondary water system which operates at 50 atm. Because of the lower pressure 
in the secondary system, the water in it is converted to steam at approximately 
260°C, and this steam is used to drive a turbine-electric generator combination. 
The effluent from the turbine is condensed and pumped back to the steam 
generator. 

Application of the second law of thermodynamics shows that the maximum 
efficiency 7 with which the heat delivered to the steam generator can be con- 
verted to useful work is given by 


T, — T- 
i 
where 7, is the absolute temperature of the steam generator, and T, is the 
temperature of the condenser. Taking T, and T, as 530°K and 330°K, re- 
spectively, we find that 7 is 0.388. Because of inevitable friction and heat losses, 
the actual operating efficiency is only about 32 percent. Power plants which 
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burn oil or coal generate steam at approximately SOO°KX, and therefore have 
significantly higher efficiencies than conventional pressurized water nuclear 
power plants. Significant increases in the thermal efficiency of pressurized water 
reactors are not foreseeable, since the necessary increase in temperature would 
require the primary water system to be pressurized at impractical levels to 
prevent boiling. 

Besides its low thermal efhciency, the pressurized water reactor has the dis- 
advantage that it consumes U*°”, an isotope which has a rather small terrestrial 
abundance. The estimated reserves of U??° are small enough so that this 
resource might be exhausted in 30 years if as much as 50 percent of the nation’s 
electricity were generated by pressurized water reactors. Consequently, so-called 
fast breeder reactors, which generate more fissionable material than they con- 
sume, are under development as power sources. 

The fast breeder reactor is fueled with a mixture of plutonium and the 
abundant U?%°. When Pu??° absorbs a fast neutron, it undergoes fission, and 
produces a pair of lighter nuclei and, on the average, 2.5 fast neutrons. The 
fission chain reaction is maintained if one of these neutrons is absorbed by 
another Pu?*? nucleus. If another of these fast neutrons is absorbed by a U??® 
nucleus, it induces a sequence of transformations which result in the production 
of a Pu?°® nucleus. That is, the sequence 


238 1 239 
92U -- pn 92U ’ 

239 239 0 
92U — g3Np**" + _i8'," 


o3Np**9 — g4Pu*?® + _,6° 


exactly replaces the plutonium consumed in the first fission reaction. Since two 
or more neutrons are produced in each fission, the reactor can produce more 
Pu??® than it consumes. Reactors currently under development are expected 
to operate so as to double the amount of their fissionable material in periods of 
5 to 20 years. 

Since it is not necessary to moderate the energy of the neutrons in a breeder 
reactor, water is not used as a coolant and heat transfer agent. Instead, either 
helium gas or liquid sodium is used for this prupose. Since liquid sodium boils at 
880°C, the reactor can be operated at a high temperature, and steam generated 
at approximately SOO°K. Therefore, the fast breeder reactor cooled by liquid 
sodium has a thermal efficiency which is comparable to that of the best con- 
ventionally fueled steam power plants. Based on considerations of fuel avail- 
ability and efficiency alone, breeder reactors could, if necessary, supply electric 
power at present consumption rates for tens of thousands of years. 

There are very substantial problems associated with the use of breeder 
reactors. The amount of plutonium in the reactor at any time may be approx- 
imately 10° gm, and since the maximum dose of plutonium tolerated by the 
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human body is less than 10~° gm, it is extremely important to construct a 
reactor in such a way that the fuel and other radioactive materials will be 
contained even in the event of a serious accident. In addition, the recovery of 
the plutonium formed in the breeding process necessitates periodic removal of 
the fuel rods and transport to a processing plant where the plutonium can be 
separated from highly radioactive fission products. Finally, there is the necessity 
of safely disposing or storing these radioactive waste products uutil their activity 
has diminished to a safe level. Since the storage periods required may be of the 
order of one thousand years, this problem is extremely formidable. 

Because of the problem of the safe disposal of radioactive waste products 
associated with nuclear fission reactors, there is considerable interest in develop- 
ing methods of using nuclear fuszon as an energy source. As Fig. 19.3 shows, 
the binding energy per nucleon in light nuclei such as ;H”, ;H®, 311°, and 3Li’ 
is rather small. However, there is a general increase in the binding energy per 
nucleon as the mass number of the nucleus increases. Thus we can expect that 
the fusion of two of these light nuclei to form a heavier nucleus will be accom- 
panied by release of energy. As important examples, we have the fusion reactions 
of the “heavy” hydrogen isotopes, deuterium (,;H*) and tritium (,H?): 


;H? ~ lel” =?) >He® —- qn! -|- 3.27 Mev 
mr 4 as -+- Vale -|- 4.03 Mev, 
ale + Jeb as ple: ++ Atle -+- 17.6 Mev. 


While the energy released in each of these fusion reactions is much smaller than 
the average of 200 Mev released by the fission of U7?" and Pu??®, the abundance 
of deuterium is so great that controlled fusion could supply the energy needs of 
the Earth for many millions of years. 

In order for two deuterium nuclei to fuse into a heavier nucleus, they must 
collide with sufficient kinetic energy to pass over or tunnel through the potential 
energy barrier imposed by their mutual Coulomb repulsion. The practical 
consequence of this requirement is that if fusion is to occur in a homogeneous 
hot gas of deuterons, the effective temperature of the gas must be approximately 
10°°K. This corresponds to an average energy of about 107? Mev for the 
deuterium nuclei. Such very high temperatures are reached in stars where 
fusion reactions of light nuclei are the source of the radiated energy, and i 
nuclear fission explosions used to trigger nuclear fusion bombs. However, 
attaining these temperatures 1n a controlled manner which would permit 
conversion of the eulergy from fusion reactions into useful work has proved to be 
an exceedingly difficult problem. 

Since a gas at 10°°IX is totally ionized to electrous and nuclei, it can be 
confined by strong magnetic fields which prevent charged particles from moving 
perpendicular to the magnetic field direction. In addition, the actual generation 
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of these confining magnetic fields can be used to heat a partially ionized gas up 
to the ignition temperature for fusion. In this manner, ignition of the reaction 


,H? + ,H® = 4He = ga 17 GO ilew 


has been achieved in a number of laboratories since 1963. However, interactions 
between the ionized gas (the plasma) and the confining magnetic fields have 
produced plasma instabilities which have limited the length of time and the 
density of the ionized gas that can be contained. It is generally believed that in 
order to be able to extract useful energy from a thermonuclear plasma, the 
product of the ion density (in ions/cm?) and confinement time (in sec) must 
exceed 10!* ion sec/em*. As of 1973, values of 6 x 101! ion sec/em? (3 x 10!° 
ions/em®, 2 x 107? see confinement) had been achieved, and devices intended 
to reach the critical value of 10!* ion sec/em® were under construction. 

Even when useful ion temperatures, densities, and confinement times are 
achieved, there will remain the problem of converting the fusion energy into 
useful work. Since the energy from the most easily ignited fusion reaction 


alg ~{- ake ware she + Atle + 17.6 Mev 


appears principally as kinetic energy of the neutron, one proposal is to surround 
the fusion reactor with molten lithium. In this lithium blanket the reactions 


pil eae Gee) > lly IE ae 
MUN? [ee seule Ee eS Wier 


would occur, with the energy evolved producing a temperature increase in the 
molten lithium. The heated lithium would be used to generate steam, and the 
tritium would be extracted and used as fusion fuel. Such a mode of operation 
would consume lithium, but the supply of this element is sufficient to meet the 
energy needs for as much as a million years. It has also been proposed to convert 
the kinetic energy of the proton released in the reaction 


ae + “lel” aa 13k -+- te + 4.3 Mev 


directly to electrical energy. If this could be achieved, greater efficiency of 
energy conversion would be realized. In addition, it would not be necessary to 
generate tritium fuel from lithium, and thus the energy supply would be deter- 
mined by the virtually infinite amount of deuterium in sea water. 

In addition to the enormous energy resources that could be made available 
by controlled nuclear fusion, there are other attractive features of this process. 
No long-lived radioactive materials are produced in quantity, so the problem of 
waste disposal is virtually nonexistent. The trittum which would be produced 
in the lithium blanket would eventually be consumed, and the amouut present 
in the reactor at any time would be very much smaller than the amount of 
radioactive materials in a fission reactor. A fusion reactor would be intrinsically 
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much safer than fission reactors, since there would be no danger of nuclear 
explosions, and in the event of failure of any component, the fusion reaction 
could be terminated essentially instantaneously. 


Stellar Nuclear Reactions 


The proton is the most abundant nucleus in the Universe, and is the principal 
constituent of the visible stars. Stars are formed by the gravitational collapse 
of enormous clouds of gaseous hydrogen atoms and other matter. If enough 
mass is involved, the energy released by the collapse is large enough to initiate 
nuclear reactions. After nuclear reactions start to occur, they produce enough 
energy to raise the internal temperature and pressure sufficiently to counteract 
the gravitational forces and stop the star from contracting. Then there follows 
a long period in which nuclear reactions convert the hydrogen in the star to 
heavier elements. The analysis of this element-building process in stars is of 
considerable interest, since it may reveal clues to the origin and early evolution 
of the Universe. 

The first step in the stellar conversion of hydrogen to heavier elements is 
postulated to be 


)H' + ,H' > ,H? + 448°. 


Although this reaction has never been detected in the laboratory, there are 
indirect experiments which indicate that it can occur. The second step is the 
reaction of a deuteron with a proton to form 2He?: 


pele + ule 2 alsie® + ¥. 
Two 2He® nuclei can make 2He‘* by the process 
pice —- oHe? aa piles -- 2 ee 


If we combine these three reactions in a way which eliminates intermediate 
nuclei (multiply the first and second by two, then add), we get 


Ala a piles + Deiie + 26.7 Mev. 


Thus the net result is the conversion of four protons into an a-particle, two 
positrons, aud a considerable amount of energy. This set of reactions is the 
principal source of energy in stars of approximately the same mass as the sun. 

In older and more massive stars, considerable amounts of helium nuclei 
accumulate, and m the hot, dense interior regions, the reaction 


3oHe4 ez One ++ zy, 


is the most probable way in which carbon nuclei are formed. Once present, the 
carbon nuclei can serve as catalysts for the conversion of protons to a-particles. 
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‘The sequence of reactions which accomplishes this 1s 


sCl? + ,H' > NIP +7 
a Ss 518 meek 
A@ie SE gies aN ee 
7N** + 1H! > 0°? + ¥ 
30°” = iN ee Byes 
7N'° + ,H! > (Cl? + .He* 
date — »He* + 2.18%. 


The net result is the same as the three-step conversion of protons to a-particles 
discussed previously. However, the individual steps of the carbon-catalyzed 
process have high reaction rates, and the overall sequence 1s responsible for most 
of the transformation of hydrogen in stars which are much more massive than 
the sun. 

The relative abundances of most of the elements in the solar system can be 
determined from observations of the light emitted by the sun and examination of 
meteorites. These elemental abundance data are an important clue to the reac- 
tions which oecur in stars and which may have occurred as the Universe orig- 
mated. In lig. 19.9, the relative numbers of atoms of the elements in the solar 
system are displayed as a function of atomic number. There are several striking 
facts revealed by this graph. Hydrogen 1s more abundant than all other elements 
put together, with helium second. The next three elements, lithium, beryllium, 
and boron have very small abundances, while some of the other light elements 
like carbon, nitrogen, oxygen, and neon are very prominent. There ts a general 
decrease in the abundances as the atomic number increases, but the clement 
iron interrupts this trend with a particularly high abundance. Finally, the 
elements of even atomic number are present in greater amounts than those of 
odd atomic number. 

Some of these observations can be explained by using the simplest concepts 
of nuclear stability and reactions. As we have discussed, protons are converted 
to helium nuclei in the hot dense regions of a star. Since 2He?* is a very stable 
nucleus with both the neutron and proton number at the “magic” value of two, 
it does not react with either protons or neutrons to form stable heavier nuclei. 
The reaction 


oHe? + »He* — Be’ + ¥ 
does occur, but in a star the Be’ can be rapidly destroyed by 


4Be? + ,H! > 5B° +7, 
5B® — 2.He* + 418°, 


since the B® nucleus is unstable. The only way to synthesize elements heavier 
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Relative numbers of atoms in the solar system as a function of atomic number. Note the 
gaps that occur at 4,J¢ and ,,;,Pm which are not found in Nature. 


than 2He* appears to be by the previously mentioned reaction, 


Bile (eh as Oh + Se 
followed by 
reke an pales —?- pore. 


Thus the reason for the large amounts of C!* and O!* in the sun is clear: these 
elements are formed directly from the abundant 2He*. The elements lithium, 
beryllium, and boron are of low abundance beeause they cannot be formed by 
direct reactions from lighter nuclei. The origin of these elements 1s evidently 
the fragmentation of heavier nuclei as a result of violent collisions with cosmic 
ray particles. 

The temperature and density of the sun are not great enough to promote 
the production of elements much heavier than carbon. The fact that these 
elements are present suggests that they may have been produced in the violent 
nuclear processes which occurred at the origin of the Universe, or that they are 
the result of the processing of hydrogen by much more massive stars which have 
since disappeared. In these massive stars, the temperatures are high enough 
so that carbon “burning” reactions can occur and produce elements of high 
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atomic number. The important processes are 


AGE -f- aC pag to Nese - paler -} 4.6 Mev 
cae ;yNae® + Jee -f- 2.24 Mev. 


As massive stars evolve, their temperatures rise so high that oxygen burning 
occurs and a variety of nuclei appear: 


so? -!. Oe sare Sic? a peice |. 9.6 Mev 
Saar aia. ~— cel -|- 7.7 Mev 
—> 169°) + on! 1 15 Mev. 


Still heavier nuclei are formed by fusion of gHe* with abundant species like Si?°. 

By such fusion reactions, elements up to Fe®® can be built from lighter nuclei. 
The binding energy per nucleon reaches a maximum at Fe®®, and fusion reactions 
with this nucleus will absorb, rather than release, energy. Moreover, the Coulomb 
repulsion which inhibits nuclear fusion increases as the atomic number increases, 
and synthesis of elements of high atomic number by this process would require 
temperatures in excess of those attained in stars. Some other mechanism must 
be responsible for formation of elements heavier than Fe°°®. 

The primary reaction leading to synthesis of the heavy elements is the 
absorption of one or more neutrons, followed by emission of a 6-particle. Signify- 
ing a nucleus of mass A and charge Z by (A, Z), the process may be written as 


(A, Z) + 3on! — (A4+3, 2) > (A4+3,24+ 1) + 18". 


In the dense, neutron-rich stellar medium, the heavier elements are built up by a 
series of such steps. The nuclei with neutron numbers near the magic values of 
50, 82, or 126 are particularly abundant because their greater stability tends to 
lower the rate at which they are destroyed. Similarly, nuclei with even numbers 
of protons are more stable to 6-emission processes than those with edd atomie 
numbers and are found in greater abundance. 

The final stage in the evolution of many massive stars is a violent explosion 
during which some of the less-stable nuclei may be produced. These explosions 
also disperse the stellar matter, which eventually may condense with large 
amounts of hydrogen to form a new star. Thus the heavier elements formed in 
massive stars can appear in smaller stars where the temperatures and density 
are insufficient to synthesize them from hydrogen. 
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The spontaneous decay of radioactive nuclei is a first-order process; the number 
of disintegrations per second is proportional to the number of nuclei present. 
Thus we can write for the decay rate, —dN /dt, 


7) 
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where d is called the decay constant of the nucleus, and N is the number of 
nucle: in the sample. We can write this expression in the form 
dN 


NO \ dt, 


which shows that the fraction of nuclei, dN/N, that decay in a length of time dt 
is a constant. Integration of this last expression gives 

In ee = —N, One 

N 0 

where N is the number of nuclei left at time ¢, and No is the number of nuclei 
present at time zero. Rather than report the rate of a nuclear disintegration in 
terms of its decay constant, it is more convenient to give the half-life of the 
process; that 1s, the time it takes for half of the sample present at any given 
time to decay. To see the relation between the half-life and the decay constant, 
substitute N = 4No, and t = ty;2 in Eq. (19.4) to give 


In a = NL, 
Ze alG 2 Ki 9, 
Lise == 0.693 /X. 


Thus if the half-life of a nucleus is known, its decay constant can be caleulated 
and vice versa. 


Radiometric Dating 


The measured decay rates of certain naturally cocurring radioactive nuclei can 
be used to date minerals—that is, to determine the time at which the mineral 
sample was solidified. To illustrate the ideas involved in ratiometric dating, let us 
discuss the so-called rubidium-strontium method for determining the ages of 
mica and feldspar minerals. 

Naturally occurring rubidium contains 28 percent Rb®’, which decays to 
Sr®’ by emission of a B-particle: 


37Rb*? — 3gSr2’ + _,p° 


The half-life of Rb®’ is 4.7 x 10° years, which is comparable to the estimated 
age of the universe. Let us assume that at the time a sample of mica solidified, 
it contained no Sr®’, and that in the time since solidification, all Sr°’ formed by 
decay of Rb®’ has been trapped in the rigid crystal lattice of the mica. If we also 
assume that no Sr®’ from any other source entered the crystal, then it is clear 
that by measuring the ratio of Sr®’ to Rb?’ and knowing the half-life or decay 
constant of Rb®’, we can calculate the length of time that the mica has been 
solidified. 
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The mathematical details are quite straightforward. Let P stand for the 
number of parent Rb®’ nuclei in the sample, and D stand for the number of 
daughter Sr®’ nuclei. Then at any time 


D+P= Pp 


where Py is the number of parent nuclei at the time when the mineral solidified. 
According to Eq. (19.4), we have 


In _ == —-Nf, 


0 


Substituting for Po, and rearranging, we get 
1 D 
t= -In({l+—). 19:5 
( 4 (19.5) 


The decay constant \ for Rb® is given by 
\ = 0.693/t1;2 = 1.47 X 1077? yr7?. 


Thus by measuring D/P, the age of the sample can be calculated. 

There are other parent-daughter pairs whose relative abundance can be used 
to date minerals that do not contain rubidium. The properties of the most 
important of these are summarized in Table 19.2. The potassium-argon method 
is valuable because potassium is abundant and widespread in the Earth’s crust. 
The isotope K*° decays in two different ways: 89 percent of the nuclei form Case 
by B-decay, and 11 percent form Ar*° by electron capture. The formation of 
Ca*® cannot be used to date minerals, since this isotope is very abundant, and 
extraneous sources of it mask the Ca*® formed from K*°. However, certain 
minerals have the property of trapping the radiogenic Ar*°, and preventing 
argon from the atmosphere from entering. Thus reliable age estimates can be 
from measurements of the K*° to Ar*® ratio. The uranium-lead methods provide 
valuable consistency tests on dating procedures. The U?*® radioactivity series 
involves eight a-decay steps and six $-decay steps, and ends with the stable 
daughter nucleus Pb?°®. The U?®? series involves seven a-decay steps and four 
B-decay steps, and terminates with the stable nucleus Pb?°". If the ages cal- 


Table 19.2 Methods of radiometric age determination 


Parent nucleus Bialiiile Daughter nucleus 
(years) 
U 238 4.51 x 109 Pb 296 
238 8718 107 Pb207 
K49 1.30 x 109 Ar49 
Rb8? 47.0 x 109 Sree 
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Beta-disintegration rate as a function of age for some objects dated by C'4 activity. FIG. 19.10 


culated from U??°/Pb?°® and U?3°/Pb?° agree, it is highly likely that no 
contamination or loss of isotopes has occurred, and that the radiometric age is 
the true age of the mineral. 

As an example of the dating of more recently formed objects, let us consider 
the technique of C!* dating of archeological materials. In the atmosphere, 
nitrogen is constantly bombarded by cosmic neutrons and converted to ¢C**, 


eNie ae ane 5 Oras de ito 


This carbon is oxidized to carbon dioxide and eventually ingested by plants 
which are in turn consumed by animals. The ,C?* nucleus is radioactive, and 
emits a low-energy 8-particle in a process that has a half-hfe of 5730 years. 
Through natural balance of ¢C'* intake and radioactive decay, living organisms 
reach a stationary level of ,C!* radioactivity which amounts to 15.3 + 0.1 
disintegrations per minute per gram of carbon. When life ceases, intake of gC!* 
stops, and the radioactivity decays with a half-life of 5730 years. By carefully 
measuring the decay rate of a sample of wood, for instance, it is possible to tell 
when the tree died. In this way, an absolute time scale for dating archeological 
objects of ages between 1000 and 10,000 years has been developed, as shown 
in Fig. 19.10. 


19.5 APPLICATIONS OF ISOTOPES 


Although the decay of a single radioactive nucleus may seem to be an insignifi- 
cant event, the amount of energy released in such a process 1s often large enough 
to be detected easily. Consequently, measurement of nuclear radioactivity is 
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the most sensitive teehnique available for the detection of atoms. This sensi- 
tivity ean be used to advantage in a number of ways. For example, consider 
the method of radioactivation analysis. The absorption of a neutron by any 
nueleus produces an “activated” or energy-rich species that decays by a process 
eharacteristic of the nueleus involved. The various tsotopes of the elements 
differ eonsiderably in their ability to absorb a neutron. Consequently, by irradi- 
ating a mixture of nuelei with neutrons, it is possible to seleetively aetivate 
eertain elements, detect their presenee, and measure their eoncentration by 
ascertaining the intensity of the indueed radioactivity. The sensitivity of 
activation analysis depends on the neutron flux available for irradiation, the 
ability of a nucleus to absorb a neutron, and on the energy of the decay process. 
It is possible to detect as little as 10—'° gm of copper, sodium, or tungsten by 
aetivation analysis, and the method ean be applied to a number of other ele- 
ments with somewhat redueed sensitivity. 

Another application of radioaetive isotopes, in whieh the emphasis is more 
on specificity than on sensitivity, oeeurs in the study of reaetion rates and 
meehanisms. With the aid of a radioaetive isotope, it was possible to determine 
the rate at which iron ions change their oxidation states in an aqueous solution 
of ferric and ferrous perchlorate. In a mixture of ordinary ferrie and ferrous 
ions, the exchange reaetion 


Kett ae Fet? = Ket3 ai Fett 


goes on all the time, but it is impossible to observe, since the produets are 
chemically the same as the reactants. It was possible to observe the reaction 
through use of ogle°°, a positron emitter with a half-life of four years. In the 
mixture, the radioaetive isotope was present initially as ferrous ion, and as 
time passed, extraetion of samples of the solution, followed by separation of the 
Fett from the Fet?, and determination of their radioactivities showed that 
the Fet+® became inereasingly radioactive. By studying the rate of exehange of 
radioaetivity as a function of concentration, one term in the rate law for the 
exehange reaetion was shown to be 


rate of exchange = &[Fe*™*][Fe™?]. 


Thus the use of radioaetive or “tagged” atoms makes the exehange of oxidation 
states observable, and the reaetion rate measurable. 

Use of radioactive isotopes in tracer experiments such as the one just de- 
seribed is advantageous, since the deteetion of the nature and intensity of the 
radioaetivity is a simple method of qualitative and quantitative analysis. Some 
elements do not have a radioaetive isotope of eonvenient half-life, and in these 
instanees stable isotopes must be used in tracer experiments. As an example, 
let us eonsider the problem of determining the course of an esterifieation re- 
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action Such as 


O O 
7 Y 
aa + CeO are 3 CeHsC + HO. 
OH O*CH3 


Does the starred oxygen atom come from the alcohol or from the acid? The 
problem was solved by synthesizing methyl alcohol in which the oxygen was 
abnormally enriched with the O18 isotope. This “labeled” methyl alcohol was 
then used in the esterification reaction, and the isotopic composition of the 
product ester examined with a mass spectrometer. The mass spectrum showed 
that the ester was enriched with the O!® isotope, and consequently, the oxygen 
atom in the ester linkage must come from the alcohol, not the acid. 

These simple examples indicate the types of applications of radioactive and 
stable isotopes in chemical research. There have been countless claborations 
and variations on these ideas to deal with more complicated chemical systems. 
In particular, much of what we know of the chemistry of biological systems has 
been deduced from experiments with radioactive and stable isotopes. For more 
detailed discussions of these applications, the reader is referred to the reading 
list at the end of the chapter. 


SUGGESTIONS FOR FURTHER READING 


Choppin, G. R., Nuclei and Radvoactwity. New York: W. A. Benjamin, 1964. 
Harvey, B. G., Introduction to Nuclear Physics and Chemistry. Englewood Cliffs, New 
Jersey: Prentice-Hall, 1962. 

Kaplan, I., Nuclear Physics, 2nd ed. Reading, Mass.: Addison-Wesley, 1963. 
Overman, R. T., Basic Concepts of Nuclear Chemistry. New York: Reinhold, 1963. 


19.1 Write equations that represent each of the following processes: (a) positron 
emission by 5;Sb!29; (b) negative beta emission by 168?°; (c) alpha emission by 
sgha2?®- (d) electron capture by 4Be’. 

19.2 The masses of 1;Na?? and j;oNe?? atoms are 21.994435 and 21.991385 amu, 
respectively. Is it energetically possible for Na2? to decay to Ne?? by positron emis- 
sion? 

19.3 What is the alpha activity in disintegrations per min for a 0.001-gm sample of 
Ra226 (t1,2 = 1620 years) ? 

19.4 A radioisotope decays at such a rate that after 68 min, only 4 of the original 
amount remains. Calculate the decay constant and half-life of the radioisotope. 


PROBLEMS 


PROBLEMS 


859 


19.5 Articles found in the Lascaux Caves in France have a C!* disintegration rate 
of 2.25 disintegrations per minute per gram of carbon. How old are these articles? 
19.6 The only stable isotope of fluorine is F!9. What type of radioactivity would you 
expect from cach of the isotopes F!7, F!8, F?°, and F?!? 

19.7 When an electron and positron encounter each other, they are annihilated and 
two photons of equal energy formed. Calculate the wavelength of these photons. 
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Avogadro’s Number 


The Avogadro number is of fundamental importance mn chemistry, and a variety 
of methods have been used to determine its value. Here we eite only a few. 

Radioaetive decay and gaseous viscosity are two phenomena that can be 
used to give Avogadro’s number, accurate to within a few pereent. The a-deeay 
of a mole of Ra??®, 


palin 78 — geln*** +- oHe’ 


produces 1.35 X 107!! mole of helium/see, while the number of disintegrations 
is 8.15 * 10!7/see. The ratio of these two rates is Avogadro’s number, but the 
accuracy of the result is limited by the difficulty of collecting and measuring 
the extremely small amounts of helium produeed by the deeay. 

The rigorous kinetie theory of a gas of hard spheres of diameter o shows that 


the viseosity 1s 
5 Vane! 
} 


— ee 


16 wNe2 
while the volume of a mole of liquid is 


V=N 0°, 
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where A/ is the molecular weight, 2 is the gas constant, 7’ 1s the absolute tem- 
perature, and N is Avogadro’s number. Simultaneous solution of these equa- 
tions yields N and o in terms of measured values of V and 7. However, the 
accuracy of the result is limited by the underlying assumption that molecules 
behave like hard spheres. 

One of the most reliable methods of determining N mvolves combining the 
density of a crystal, its formula weight, and its mteratomic spacing, as deter- 
mined by x-rays. This method has been discussed mn Section 3.3. The diffrac- 
tion pattern of x-rays of grazing incidence on a plate that has been ruled with 
accurately spaced lines gives the wavelength A of the x-rays. The x-ray diffrac- 
tion pattern of a crystal then gives the interatomic spacing d through the 
Bragg equation nA = 2d sin 6, where @ 1s the diffraction angle. Since one mole 
of a erystal like NaCl contains 2N atoms, we have for the volume V of 1 mole 


of NaCl 


: 
a one, 
p 


where J/ is the molecular weight, and p is the density. Isnowledge of d allows 
calculation of N with an uncertainty of less than 0.01%. 

Another reliable method for determinmg N is through measurement of the 
Faraday constant § and the electronic charge e, since 


G = Ne. 


The most direct way to determine the I’araday constant is to measure the 
number of coulombs (ampere-seconds) necessary to deposit one equivalent by 
electrolysis. The determination of the electronic charge e can be carried out 
by Millikan’s method, as discussed in Section 10.1. However, this technique 
does not give a particularly accurate result for e, and other procedures described 
below are preferred. 

The electronic charge, in combination with other physical constants, deter- 
mines a number of quantities that can be measured precisely. The problem 1s 
to combine these measurements so as to yield separate values of the constants. 
For example, the natural orbital frequency of an electron m a magnetic feld, 
the so-called cyclotron resonance frequency v, 1s given by 


1 e 
y= st: (2) Se 


where 3C is the magnetic field and c ts the velocity of light. The value of e/m 
derived from measurements of vy and 3C can be combined with the measured 
value of the Rydberg constant 


ad 
R= Qa? me" 
(Ot 
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to give 
e Qm7e° 
a pare 
m ch: 


Only one more measurement of a quantity that involves e and Planck’s constant 
h is necessary to give values of both constants. The most straightforward, 
although not the most precise, method of separating the constants is to use the 
photoelectric effect: 

h(v — vo) = (4mv*) max: 


where Vo 1s the photoelectric threshold frequency. The kinetic energy of the 
electrons 1s frequently measured by a device that mvolves the mteraction of 
their charge e with an electric field EF. The electric field necessary to repel the 
most energetic electrons and prevent them from leaving the photoelectric 
surface is given by 

(Amv?) max = eE. 


Thus the photoelectric experiment determines //e, and this, combined with 
the Rydberg constant and the cyclotron frequency, gives values for e, h, and m. 
Combination of e and & gives Avogadro’s number N. 


APPENDIX B 
Table B.1 Physical constants 
Avogadro’s number 6.02217 X 1022 particles/mole 
Electronic charge 4.80325 x 107 1% esu 
1.60219 & 10719 coulomb 

Electron mass 9.10956 x 10-28 gm 

Atomic mass unit 1.66053 & 10—24 gm 

Gas constant 8.31434 x 10% erg/mole deg 


1.9872 cal/mole deg 
0.08206 liter atm/mole deg 


Faraday constant 96486.7 coulomb/mole 
23061 cal/volt mole 

Boltzmann constant 1.38062 x 10—!© erg/deg 

Planck constant 6.6262 X 10~27 erg sec 


Table B.2 Energy conversion factors 


ergs/molecule kJ/mole kcal/mole Bacon 
ergs/molecule 1 6.0222 & 1013 | 1.4393 x 10!2 | 6.2415 x 10!! 
kJ/mole 1.6605 x 10714 ] 0.23901 1.0364 x 1072 
kcal/mole 6.9478 x 107 !4 4.184 1 4.336 x 107? 
electron | 
volts/molecule | 1.6022 x 10—!2] 9.6487 x 10! | 23.061 1 
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SI UNITS AND CONVERSION FACTORS 


To make them meaningful, measurements of physical quantities must be 
expressed as nniltiples of appropriate standards or units. Thus the same length 
can be expressed as 10 inches, 0.83333 feet, or 0.2540 meters, where the words 
inches, feet, and meters refer to different standard lengths. As the various 
physical quantities we kuow came to be reeognized and measured, units were 
defined for them usually to suit the tmmediate convenience of the experimenter. 
As a result, we have such units as light-years aud nautical miles for length, 
electron volts, joules, and calories for energy. Consequently, it 1s necessary to 
have couversion factors such as 2.54 cm/inch to allow results expressed in one 
unit. to be compared with findings expressed in other umts. 

As the understanding of physieal science increased, it became clear that all 
physical quantities such as volume, density, and energy could be expressed in 
berms of a few fundamental entities such as length, mass, and time. This led 
to the idea of a system of units where, for example, the unit of energy would be 
equal to the energy associated with a unit mass moving a umt distanee in unit 
time. An important such system of units is the centimeter, gram, seeond, or 
CGS systenl, where the units for derived quantities sueh as foree and energy 
are defined in terms of the base units for length, mass, and time. Thus the 
Qinnamed) unit velocity in the CGS system is the em/see, and the unit of 
acceleration is the en/sce?. 

Since force is defined as the product of mass and aeeeleration, the unit of 
foree is the gm cm/sec”, which for eonvenience is ealled the dyne. The product 
of foree and distance is work, aid cousequently the unit of work or energy 1s 
the dyne-cm, or oue gm em?/see*. Again for convenience, the unit of work 
or cnergy is give a speeial name, the erg. 

To melude electrical quantities in the CGS system, 1t 1s only necessary to use 
Coulomb’s law. ‘The foree f between two equal eharges g separated by a distance 
ris given by f = q?/r*. Thus the electrostatic unit (esu) is defined as the amount 
of charge that produces a foree of one dyne on an identical eharge at one em 
distance tm vacuum. Once of the most attractive aspeets of the CGS-esu system 
is the simplheity with which clectrostatic quantities ean be included in meehanieal 
problenis. For example, since the esu as defined has units of (dyne)’/* em, use 
of esu and em in the expression @ = g?/r gives the clectrostatie potential energy 
@ directly in units of dyne-cm or ergs. 

Unfortunately, there are several different systems of units. For example, 
the MINS (meter-kilogram-secoud) system of units offers certain advantages 
over CGS im dealing with macroscopic systems. The FPS (foot-pound-seeond) 
has been popular among cugineers in Mnglish speaking countries. There are also 
units such as the atmosphere, the calorie, and the cleetrou-volt whieh have no 
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obvious connection to a system of units. The existence of data expressed in these 
various units has necessitated the use of conversion factors which allow the 
results measured in one set of units to be compared or combined with data 
expressed in other units. To eliminate the necessity for the excessive use of unit 
eonversion factors, the International System of Units (SI) was defined by the 
General Conference on Weights and Measures in 1960. This system has been 
widely adopted in Europe, and its use in the United States is being encouraged 
by the National Bureau of Standards. 

The SI is constructed from seven fundamental units, given in Table C.1. 
These base units are, as far as possible, defined in terms of naturally occurring 
physical phenomena which can be reproduced and referred to with high precision. 
Thus the second is defined as 9,192,631,700 cycles of the radiation associated 
with a certain electronic transition of the cesium atom, and the meter is defined 
as 1,650,763.73 wavelengths in vacuum of a certain orange-red spectral line 
of Kr®°. The Kelvin degree is defined as 1/273.16 of the interval between 
absolute zero and the triple point of water. The fundamental unit of mass is 
the kilogram, the mass of a platinum-iridrum alloy cylinder kept in Paris. 
Thus in contrast to the foregoing base units, the kilogram is defined in terms of 
an artifact, not a naturally occurring phenomenon. The base unit of electrical 
current, the ampere, is defined in terms of the force between parallel wires 
produced by current they carry. We see that in contrast to the CGS system, 
the base electrical unit in the SI is a current, not a eharge. 


Table C.1 SI base units 


Physical quantity Name of unit Symbol 
length meter m 
mass kilogram ke 
time second S 
electric current ampere A 
thermodynamic temperature Kelvin K 
luminous intensity candela cd 
amount of substance mole mol 


Table C.2 gives the special names and symbols for certain derived units in 
the SI. The unit of energy is the joule or km m?/sec”. The unit of pressure is 
the pascal, or newton (force) per square meter. The utility of expressing all 
measurements in one such system of units can be illustrated by the following 
example. 

Suppose a gas undergoes an expansion and does 1 liter-atm of work. It is 
desired to compare this work with the energy change of some chemical reaction 
expressed in the conventional unit of kilocalories. To convert 1 l-atm to calories, 
it is necessary to have the appropriate eonversion factor tabulated, or to re- 
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Table C.2 Certain S! derived units 


Physical quantity Name Symbol Definition 

force newton N kgems? 

pressure pascal Pa kem ls !(]=Nm 
energy joule J kgm*s 

power watt W kg m2s—3 (=Js7}) 
electric charge coulomb C As 

potential difference volt V kem-s & A! (aCe 
electric resistance ohm Q) kg m*s—3 A—2(=VA7—}) 
frequency hertz Hz s—l 


member that 1 atm = 1.013 x 10° dynes/em?, and 1 cal = 4.184 J. Then 


1 l-atm = 10° em? x 1.013 x 10° dyne/em? = 1.013 X 10° dyne-cm 
= 1.013 x 107 J = 1.013 x 10° J X 1/4.184 cal/J 
= ae call 


Now if the measurements had been made in SI units of pressure (pascals) and 
volume (cubic meters), we would have for the same quantities 


1.013 x 10° Pa X 107? m? = 101.3 N m = 101.3 J. 


Since in an exclusive SI tabulation of data, all energies, including heats of 
reaction, would be expressed in terms of joules, there would be no need to carry 
the calculation further to calories. 

In using one base unit of, for example, length to describe dimensions ranging 
from atomic to astronomic size, it 1s useful to have prefixes which designate a 
multiple of the base unit. Thus distances between various cities are specified 
in terms of thousands of meters or kilometers (km), and atomic dimensions are 
given as a multiple of 10~% m or the nanometer (nm). Table C.3 contains a 
list of these prefixes and their symbols. 

As the SI units are adopted, they will replace a number of conventional units 
whose use will gradually diminish. However, because the older literature con- 


Table C.3 Prefixes for fractions and multiples 


Fraction Prefix Symbol Multiple Prefix Symbol 
107! deci d 10 deka da 
10—2 centi C 102 hecto h 
107-3 milli m 102 kilo kK 
1 Ompe micro Lu 10° mega M 
10—9 nano n 109 giga G 
10—12 pico p 1012 tera . 
10—15 femto f 
10718 atto a 
APPENDIX C 























Table C.4 Units to be abandoned 


Physical quantity Name Symbol Definition 
length inch in 254 x 1072 
mass pound Ib 0.45359237 kg 
pressure atmosphere atm 101,325 Nm? 
energy calorie cal 4.184 J 


tains data expressed in these units, it will be necessary to be able to re-express 
these data in SI units. Table C.4 gives a list of these units which will eventually 
be abandoned, and their definitions in terms of SI units. 

There is a special aspect of SI (and MIXS) units that should be mentioned. 
Because static charge is not defined directly in terms of force and distance in 
these systems, Coulomb’s law involves a proportionality constant between 
q*/r? in terms of C*/m? and f in terms of newtons. The required expression is 

2 2/72 
pon = —— = 5 0874 x 10° S (S). 
; 
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where the proportionality constant which is conventionally written as 1/47r€o 
has the value 8.9874 x 10° N m?/C*. Thus the force between two clectrons 
(1.602 x 10719 C) one Angstrom (107!° m) apart is 


9 —— LON 
f = 8.9874 x 10° Soe = 2.31 x 10-8 N. 


The same calculation done in CGS units is 


e* (4.803 x 10~!° esu)? 


dynes) = — = 2.31 x 107? dynes. 
(dynes) r’ (10~§ em)? a 


This is the same result, since 1 N = 10° dynes. The calculation done in SI or 
MIXS units is only very slightly more complicated by the inclusion of the 
proportionality constant. 
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Some Fundamental Operations of the Calculus 


Often it is possible to put the equation that relates two variables x and y into 
the form 


l= f(x), 


which is read: y is some function (f) of x. The quantity z is called the inde- 
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pendent variable, and y is the dependent variable, inasmuch as the equation 
expresses the fact that y depends in some fashion on 2. 

It is frequently of interest to learn what change Ay, in y, is produced by a 
given change Az, in x. The equation 


y + Ay = f(x + Az) 


states that a change Ax in x does produce some change Ay in y. The question to 
be answered 1s, what is the relation between Ay and Az? 
When y is a linear function of x, as in 


y = fiz) = a+ Or, 
where a and b are constants, the answer ts simple. We write 


y+ Ay = a-+ b(x + Az), 
y= a-t bz, 


and subtract the second equation from the first to get 


Ay = b(x + Ax) — ba, 
AY =" a, 
Thus the quantity 
Ay heb 


which ts the change in y per unit change in a, is for this function a constant, 
and is equal to the slope of the straight line represented by y = a-—+ br. 
Because the equation represents a straight line, the slope 6 = Ay/Az is a con- 
stant, ndependent of x and y. 

Suppose we apply the same operation to the function 


y = f(x) = ne 


which represents a parabola. Then we have 


ee Aa) 


The method by which we found dy/dz for the function y = 2? is called the 
delta process. Application of the delta process shows that for 


d 
y= a, ~ = 32’, 


and, in general, for 


di 
y an ae ay ee ne" 


dz 


—l 


The derivatives of other important functions are listed in Table D.1. 
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Table D.1 Some important derivatives 





a Fey a gn 
dx dx dx 
ico — = Gigt\ = eon 
dx dx dx dx 
iS Cou ou i (cos x) = —sinu te 
dx dx dx 
“an oo aul es ene ay oe 
ue dx dx dx dx 


u and v denote functions of x; a is a constant. 


The following are noteworthy properties of derivatives. If cis any constant, 
and 


= 
or ) theli “ = (c)nx"—". 


If we have y not a function of zx, as in 


d 
y = c, then ss =}; 


Finally, to find dy/dx when y is the product of two functions f(z) and g(x), as in 


y = f(x): 9), 


we write 
= f(r) GO + g(x) TS. 
To demonstrate this relation, let us differentiate 
— 


by writing it as 


y = vir”, (+m=n. 


We get 
di = as 
ay = a! mar Pats ex! 1 
dx 
n—] n—l 
= ne +. fx 
= 720 oe 


which is the answer found by more direct differentiation of x”. 
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y=c 
FIG. D.1 
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It is often necessary to find the area under a curve y = f(x) between two 
values of the independent variable x. When f(x) has one of two simple forms, 
this presents no difficulty. As shown by Fig. D.1, if y = c, a constant, then 
the area under y = c between x; and 2x2 is simply A = c(%2g — x1). Also, if 
we have the expression y = cx, which represents a straight line through the 
origin, then the area A between x = x; = 0 and 22 is A = $e%g, as Fig. D.2 
suggests. For situations in which y = f(x) represents a curve, a different 
approach is required in order to find the required area. 


y 
y = Cx 
FIG. D.2 A i oi 
0 2 


= 


FIG. D.3 





This type of problem and its possible solution is sketched in Fig. D.3. 
The area under the curve is approximated by a series of rectangles of equal 
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width Az and height y,, for the 7th rectangle. Thus if AA; is the area of the 
ith rectangle, 


n n 
A=> Se AA; — 2 eee. 


i=l i=] 


It seems intuitively obvious that the approximation should improve if we were 
to increase the number of rectangles and make each one narrower. The area 
of a rectangle of height y is 

Se a Aa = f(z) An: 


and since 


we can write 


awe (0) at. 


The interpretation of dA is that it 1s the area of a rectangle of height f(z) and 
infinitesimal width dz. Consequently, we can express the total area as the sum 
(or integral) of the infinitesimal contributions 


A= lim 2) AA; = lim > y; Ar, 
Az—0 


Az—0 


a2 
Al faa = | ie na 


That is, the integral is the sum of small areas between x; and x2 in the limit 
where Az approaches zero. 
To evaluate the integral, we note from above the following relation: 


a= faa. 


Thus, since dA is the differential of A, and the integral sign restores dA to A, 
the integral sign must stand for the operation of reverse differentiation or 
antidifferentiation. With this in mind, we can evaluate 


[5 dx. 


If the function f(z) were itself the derivative with respect to x of another func- 
tion F(z), that is, if 


f(x) = £ F(a), 
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then we could make the substitution 


[50 = | . i Jar 


The last form shows that the integral sought is just /’, so we might write 


A= | (oi —s 


where 
f(x) = ee 


We conclude that in order to evaluate the integral of f(z), we must find the 
function F whose derivative dF'/dz is equal to f(z). To check this we start with 
our answer 


Av (a) iad os 


and differentiate 


dA dF 
Ce ada 
f(x) = f(z). 


There is one very important problem remaining, however. Besides the 
answer already found, the result 


A(z) = F(z)+¢, 


where ¢ is any constant, is apparently equally valid, for differentiation gives us 


dA dF 
te = Gane 
fla) = f(e). 


Thus the integral we have found is tndefinite in that any constant may be added 
ROP Ue 

This problem has arisen because we have ignored the fact that what we are 
seeking is the area under the curve y = f(x) between two limits x; and Zo. 
If we regard A(x2), that is, A(x) evaluated at + = 2, as the area under the 
curve up to the limit x» plus the constant c, and A(x ;) as the area up to 2 
plus the same constant, then we can write 


A(to) — A(a1) = A = F(z2) + ¢ — FQ) — ¢, 
A = F@5) — F(z). 
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That is, the area A under y = f(x) between xo and x, is just the difference 
between the integral evaluated at the “upper limit” x2 and the “lower limit” 2}. 
This is compactly denoted by 


A “Lo "Xo 
| Ar | pi Gale hig | dF, 
0 zy z} 


A 


= A —0O= F(t) 
0 


2 


A = F(zo) — F(x). 








zy 


Thus, when the limits of integration are specified, the numerical result is not 
arbitrary, and we have a definite ntegral. 

From the table of derivatives, we can deduce a few specific formulas for the 
evaluation of mtegrals. Since 











d n n—l 
—x =n2v 
Gait : 
we must have 
2 ile 
| | 
x1 gh ae |e 
Also from 
d(sin 2°) 
——_——“_ = COS &, 
di 
d(cos x) 
——__—___ = —smr 
dx 
we deduce that 
Xo X9 
| sinadt = —cos2z! » 
Zi Zz 
Lo TQ 
| coszdv = sint 
Z1 Zi 
Because 
dinz ] 
= 
dx x 
Z2 x2 rQ 
ax 
—_— = peli ce —— le 
x1 v a | | 





Finally, we have the very important relation 


d 
ais poe = ae”, 


dx 
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SO 


a Ig 


“Ia 
ar l (Tis l ise 
Ch ie) == —¢ 


1 


X2 





vy 


Other important integrals are given in Table C.2. 


Table D.2 Some important integrals 


du 
df(x)=fxy+ec [ ainure 


[ 200 n= [109 dx [odaerte 
peels [sin udu = cos w +c 


—] [rosudu=sinuc 


a Cc b Cc 
“109 ~~ | f(x) dx | f(x) dx = | f(x) dx + | f(x) dx 
b a a b 


u and f{x) are functions of x; a, b, and c are constants. 





= 
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Some Useful Mathematical Approximations 


The form 1/(1 + 2) occurs frequently in equations that deseribe physical 


phenomena. It can be replaced by an infinite series of powers of x with alter- 
nating sign 





3 

= f—y+7*—7°+... 
l+e2 
As we can verify by algebraic division, 


[pap ae 
ee ee 
1l-+2 
—2 
ee 
ee 


ge? + 3 





If x is less than unity, each higher power will be a smaller magnitude than the 
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one preceding, and for x very small, it may be sufficiently accurate to write 


I 
reer ee 





I? 


i <a I 


which is a useful approximation. Similar analysis of 1/(1 — x) shows that 


I 
l1l—vz2 





4 A a ee Ne 


I? 
{- 


A useful approximation to square roots can be derived in the following 
manner. Consider that 


If « « 1, we ean write 


(1 +3) ee a <u 


aos! 


Taking the square root of both sides and transposing gives 


Lie 


(ta)?2145, xl, 


Which is the desired approximation. Tor example, the square root of ten is 
10%" = (9+ 1)? = 301+ 9)" 
= 3(1 + 7g) = 3.167 


approximately, while the more accurate value is 3.1628. 
Other frequently used approximations are derived from infinite series. The 
series 
2 3 4 
ae > ieee oe ae De 


is valid for any value of z, but if x is much less than unity, the higher powers of 
x can be neglected to give simply 


ef?~1later, 2xr€1. 
If we take the natural logarithm of both sides we get 


ln e+? = In (1 4 2) 
or 
In (1 4 2) & +2, Henao dle 


which is another useful approximation. 
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ANSWERS TO 
SELECTED PROBLEMS 


Chapter 1 

1.1 Sbe05 j 4 CHa, C3H¢ 1.4 Fe203 1.6 snk 4 
72 GT 1.9 199, MO 1.11 0.74 1.13 95.38% 
1.15 BHs3, BeHg, 27.6, 1.51 gm Oras 

Chapter 2 

2s. | ce 2.3 274, HgCle 2.5 9 vol Og, CSH4, molecular 
2.7 0.48 2.9 He 


Pee ees. xX 10°, 5.4 X 10°, 54: He, 7.1 x 10°, 7.1 x 10°, 71 

2.13 1.16 X 10’ cm/sec, 1.45 X 104 cm/sec 

2.15 \ >> distance between walls, P < 10-+ mm Hg 2.17 He 
2.19 Cp/Cy = 1.67 for monatomic gases only 


Chapter 3 


3.3 V = 16V2 R3, 0.74 

3.5 Octahedral face plancs contain all Na* or all Cl-. 

3.6 V6 R, (V3 — V2)R/V2 3.9 (a) 0; (b) 0.002 gm/ce 
3.11 0.538A 
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Chapter 4 


4.1 2.92 m, 2.57 J 4.3 40 ml 15.55.50 
4.7 333 gm 4.9 470, HgeCle 

4.11 (a) ethanol = 0.51 

b) P(cthanol) = 22.7, PQmcthanol) = 43.5, ethanol = 0.34 
4.13 absorbed, Al? > 0 


Chapter 5 

5.2 reaction (b) 

5.4 (a) mereased (b) decreased (c) increased 5,6 sl olou 
5.8 2.31 X 107}, greatcr, decrease 5.10 202 ¢m 


39.12 SOQeCle = 0.67 atm, SOo = 0.86 atm, Cle = 1.86 atm 
5.14 CO — M50 = 1736 atm, COs — Hort am 


Chapter 6 


oo Ge ee ee Le 6.3 0.69 X 107-3 /, Kz, = 6.1 X 107} 

6.5 (a) 1.84 xX 107-4 JY (b) 1.8 X 107" AP oe) 18 & 16 oe 

6.7 (SO,] = 1.1 X 105°, BaSO,, [Bat+] = 4.6 X 108’ ey 

6.9 [Pb**] = 2.9 x 107!9 [103] = 0.03°4F 

6.11 (a) [OH7] = 4.2X 1074 AY (b) [NHs3] = 6.5 X 107° Af, [OH] = 3.5X 10-5 VW 
6.13 [H30*] = 0.11 AY, [SO7] = 0.94 X 10-? AY, [HSOZ] = 9.1 X 10-2 a¥ 

6.14 [NH3] = 0.15 Vf, [OH-] = 0.05 Af, [NH7f] = 5.4 x 10-5 Wf 


6.17 [OH-] = [HCN] = 2.72 x 10-3 Mf 6.19 4.1 X 107* AW 
6.21 (OH=|= 4.4 x 10! 6.23 1.2 105 
6.25 [COZ] = 0.05 MW, [HCOzZ] = 3.23 x 10-3 6.27 pHi hoe 
6.29 1.23 X 10—° A, 1.36 X 10-2 6.31 pH = 20a 


6.32 (a) 2.1 X 10-5. (b) 2.5% 10-19 ae (ce) 10713 I 


Chapter 7 


7.4 stronger: Crg07, MnOqz; unchanged: Cle, Fet? 

7.6 A&° = 0.13 volt, A = 1.6 X 10? 

7.8 (a) negative (b) Nit+, Zn (ec) no, yes (d) less positive (e) zinc, 0.52 volt 
7.10 (a) Co+ Cle = 2C17~+ Cott (b) —0.27 volt (c) increase (d) 1.67 volts 
Plz ee nl ta — 1-9) 10-* A 

7.15 872 sec, 0.430 gm, 0.443 gm 


Chapter 8 

8.1 Afi,[(Ca(OH)2] = —235.4 keal 8.3 AE = 1238 kcal, AH; = 18.3 keal 
8.7 (a) Adsys = 4.57 eu = —ASgurr, (Db) ASsys = 4.57 eu, ASsurr = 0 

8.9 AS(H20) = —4.94 cu, ASgurr = 5.13 eu, AStot = 0.2 eu, yes 


8.11 (a) Ag (b) B(898°K) (c) 2Br(g) (d) Ar(0.1 atm) 

8.13 AG® = —8.33, K = 1.3 x 105, enthalpy 

SS Koos — | sox 1012, Kgo0 = 3.96 X 102 

8.17 3.38 kcal, 0 8.19 AH = 13.1 keal 
8.21 AG? = —2.12 X 10° joules = —50.7 keal, K = 1.94 x 1037 
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Chapter 9 


9.1 (a) sec~! (b) liter/mole-see (ce) liter?/mole?-sec 9.4 —] 
9.6 —[d[NH7]/di] = k3K1K2[HNOe][NH}] 
9.7 (a) kolE] K k_i[D] (b) ko[E] > b_1[D] 
9.9 first order, k = 5X 1074 sec7! 9.11 12.4 kcal 9.12 AE 


Chapter 10 


10.1 1.24 < 10!° eps, 2412 A 

10.3 5263 A, 2.35 eV 

10.9 Y7(2p.) « cos? 6, cos @ = 0 in zy-plane 

iia Na", Zn, N, O7 

10.13 1.63 X 107!! ergs = 10.1 ev, 1.29 X 10-8 ergs = 8.05 X 10% ev 


Chapter 11 


It.1 Lik has smallest separation and is most stable. 

11.3. MgO, 1110 keal; CaO, 970 keal; SrO, 900 keal; BaO, 840 kcal 

11.5 tetrahedral, very distorted tetrahedral, linear, bent, octahedral, square planar, 
linear 

11.7 Build-up of electron density between and near nuclei; clectron sharing is not 
sufficient. 

11.11 sp?, sp?, sp°d?, sp3d 

11.13 Lincar molccule, sp hybrid at carbon atoms, carbon atoms linked by one 
o-bond and two a-bonds 

11.15 12.8 D 


Chapter 12 

12.1 (a) Ff (b) NO (c) BO (d) NO (e) Bed 12.4 nonlinear 

12:5 lin@ar: (a), (b), Cf), (g) 12.7 linear: (a), (b), (d) 
Chapter 13 


13.3 Increasing nuclear charge increases bonding energy of extra electron. In nitrogen 
an cxtra electron must be added to a p-orbital that is already half-filled. 

Pee li? AMint+ O-, Ser, T1t 13.6 HCl, PH3, H20 

13.7 Higher oxidation state (a) increases (b) decreases in stability 

13.8 (a) acidic (b) small molecules (c) covalently 

13.9 Increasing metallic bond strength, ionization encrgy, and ionic size makes AH? 
more positive. 


Chapter 14 


14.1 Increasing [OH~] should make Mg a better reductant, and the same effect should 
occur for Ba, but less marked. 

14.3 Compare Lit, Be+t+, Mgtt, Alt® 14.5 2.14 A 142 Se 

14.9 Least stable BeSO4, most stable BaSO4 
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Chapter 15 


15.1 As atomic number increases, so do van der Waals attractions, and volatility goes 
down. 

15.3. Properties indicate incipient metallic behavior, which is appropriate for this 
region of the periodic table. 

15.6 N3, OCN7@ are isoelectronic with COg, and are linear. 15.8 pH = 10.1 

15.9 X-ray determination of O—O bond length to distinguish between Og (1.21 A) 
and OF (1.12 A) 

15.11 3327 1077 > x 10 3 3.27 15.12 A kinetic effect 
15.15 SOCle is pyramidal, SO2Cle tetrahedral. 


Chapter 16 


16.1 The values of AH,uyp, 1 for IB metals are uniformly greater than those of IA 
metals, and this accounts for difference in activity. 

16.3 Cu is a poorer reductant than Ni because of difference in J2, Cu is poorer than 
Zn because of difference in AHzyp. 

16.5 tetraamminezinc(II) ion, hexafluoroferrate(III) ion, dicyanoargentate(I) ion, 
trichlorotriamminecobalt (III), hexacyanoferrate(III) ion, hexaaquochromium(III) ion 
16.9 (H+t] = 9X 107? M, (H*] = 9.5x 10-3 M 

16.12 Second reaction has greater AS, first complex is the more stable. 


Chapter 17 


17.6 (a) tert-butyl chloride (b) 3-chloro-3-methyl pentane 
17.8 (a) acetic acid (b) methyl ethyl ketone (c) acetic acid and acetone 
17.9 1,3,5-trinitrobenzene 


Chapter 19 
19.2 yes 19.3 2.16 X 109 events/min 
19.4 0.0204 min~! 19.5 1.5 X 10* years 


19.7 0.024 A 
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Acetic acid. /51 
Acetylides, 625 
Acids and bases, Arrhenius theory of, 212 
Lewis theory of, 216 
Lowry-Bronsted theory of, 214 
strength of, 215 
Activated complex, 377 
Activation energy, 389 
Activity, 193 
Addition reaction, of aldehydes, 766 
of alkenes, 761-763 
of ketones, 766-768 
Adenine, 821-822 
Adenosine triphosphate, 792 
Alcohols, 750, 753-759 
Aldehydes, 751, 764-769 
Aliphatic compounds, 771 
Alkali elements, 594-602 
boiling points, 595 
diatomic molecules, 595 
hydration energies, 595 
ionic radii, 595 
ionization energy, 595 
melting points, 595 
reductiontion potentials, 595 


INDEX 


Alkali halides, 598-600 
gaseous molecules, 600 
lattice energies, 599 

Alkali-metal oxides, 598 

Alkaline-earth elements, 602-61 | 
boiling points, 603 
halides of, 607 
hydration energies, 603 
ionization energies, 603 
melting points, 603 
occurrence and properties, 602 
oxides, 605 
reduction potentials, 603 
salts of, 608 

Alkanes, 744-750 

Alkenes, 759-764 

Alkyl radicals, 746 

Alpha-decay, 841-842 

Alpha-helix structure of proteins, 816- 

819 

Alpha-particle, 84] 

Alumina, 618 

Aluminum, 611, 618-619 

Amines, 753 

Amino acids, 781, 810-820 


885 


886 


Ammonia, dipole moment, 519 
geometry, 510 
synthesis, 636-638 
Amphoteric behavior, 584 
Amylopectin, 805 
Amylose, 805 
Anisole, 738 
Antibonding orbital, 501, 537 
Antifluorite structure, 116 
Antimony, 636, 655 
Approximation, algebraic, 876-878 
Aromatic compounds, 771-782 
substitution reactions of, 775-779 
Arrhenius, S., theory of acids and bases, 
Qe 
ATSenics G36..655 
Atomic number determination, 420, 
428 
Atomic orbitals, 441-450 
hybrid, 514-518 
Atomic radii, 578-580 
table, 580 
Atomic volume, 578-580 
Atomic weight, determination, 7-18 
scale, 14 
variations, 4 
ATP, see Adenosine triphosphate 
Auric ion, 714 
Aurous ion, 714 
Avogadro, A., number, 18, 104, 863- 
865 
principle of, 9-11, 23 
Azeotrope, 164 


Balmer spectrum, 425 

Barium, 602-61 1 

Barometer, 34 

Bases, see Acids and bases 

Battery, 291-294 

Bz, molecular orbitals of, 542 

Benzene, electronic structure, 565 
substitution reactions, 775-779 

Beryllium, 602-61 1 

Beta-decay, 839-841 

Bimolecular process, 373 

Bismuth, 636, 655 

Body-centered cubic lattice, 111 

Bohr, N., atomic model, 425-428 


INDEX 


Boiling-point elevation constants 
derivation of, 153-155 
table, 155 

Boiling temperature, 143 
elevation of, 152-155, 347 

Boltzmann, L., constant of, 55 
distribution law, 61-64 
factor of, 62, 139 

Bond angle(s), 477-479 
table of, 477, 478 

Bond energy(ies), 472-475 
table of, 472, 474 

Bond lengths, 475-477 
table of, 475, 476, 477 

Bonds, energy-rich, 793 

Boranes, 614 

Borates, 613 

Borax 613 

Borohydride ion, 617 

Boron, 611-617 
atomic weight variation, 4 

Boyle, R., law of, 35, 48-54 

Bragg, W. L., diffraction equation of, 

102, 133, 429 

Bravais lattices, 107 

Bromate ion, 676 

Bromic acid, 675-676 

Bromine, 669-680 

Brownian motion, 131 

Buffer solutions, 228-233 

Butane, 547 

1, 3-butadiene, electronic structure of, 

565 


C2, molecular orbitals of, 542 
Cadmium, 714-716 
Cage effect, 399 
Calcium, 602-61 1 
Calculus, fundamental operations of, 
869-875 

Cannizzaro, S., 10-12 
Carbides, 625 
Carbohydrate, 802-810 
Carbon, 620-625 

dating, 857 

dioxide, 624 

monoxide, 623 
Carbonate ion, 243-250, 624 


Carbonic acid, 243-250, 624 
Carbonium ion, 758, 762 
Carbonyl compounds, inorganic, 735- 
12a 
organic, 764-769 
Carboxy] group, 751 
Catalyst, 400-406 
Cathode rays, 412 
Cell, biological, 790-792 
nucleus of, 792 
Cellulose, 804 
Cesium, 594-602 
Cesium-chloride lattice, 495 
Chain reactions, 383-385 
Charles’ law, 38-40 
Chelate, 718 
Chlorate ion, 676 
Chloric acid, 676 
Chlorine, 668-680 
dioxide, 674 
heptoxide, 674 
hexoxide, 674 
monoxide, 674 
Chlorous acid, 675 
Chromate ion, 698 
Chromic ion, 679-680 
Chromium, 686, 696-699 
Chromium subgroup, 696-699 
Chromous ion, 699 
Citric-acid cycle, 802, 808-810 
Closest-packed structures, 108-112 
octahedral site in, 112, 115 
structures related to, 112 
tetrahedral sites in, 112, 115 
Coal, 782-784 
Cobalt, 703, 706 
Coenzyme A, 800-802 
Colligative properties, 345-349 
Collisions, rate of, 387-389 
Complex ions, bonding in, 722-735 
equilibria among, 250 
nomenclature, 721-722 
stereochemistry, 717-721 
Compressibility factor, 67 
Concentration, units of, 148-150 
Concentration cell, 279 
Coordinate-covalent bond, 717 
Coordination, number, 110, 717 
sphere, 717 


Copper, 686, 709-712 
Copper subgroup, 709-714 
Corrosion, 289-29] 
Coulomb barrier, 833 
Covalent bonds, 496-528 
coordinate, 717 
multicenter, 525-528 
multiple, 522-525 
Crystal-field theory, 723-730 
Crystal-lattice geometry, 492-496 
Crystals, covalent network, 94-95 
ionic, 91-93, 485-496 
metallic, 95-96 
molecular, 93-94 
sizes and shapes, 88-90 
Cubic closest packing, 109 
Cupric ion, 710-711 
Cuprous ion, 710-711 
Cyanide ion, 523 
Cyclobutane, 748 
Cyclopropane, 748 
Cytochromes, 797 
Cytoplasm, 792 
Cytosine, 821 


Dalton, J., atomic theory, 2-10 
Law of Partial Pressures, 44 
rule of greatest simplicity, 8 
DeBroglie, L., and wave-particle duality, 
430 
Defects in solids, 119-122 
Definite Proportions, Law of, 3 
Deoxyribose, 721 
Derivatives, table of, 871 
Detailed balancing, 387 
Diagonal relationship in periodic table, 
572,035 
Diamagnetism, 726 
Diamond, 62]-622 
Diamond-crystal lattice, 94 
Dichromate ion, 698 
Diffusion of gases, 57-59, 74-77 
Diffusion-controlled reactions, 398-399 
Dinitrogen pentoxide, 643 
tetroxide, 642 
trioxide, 642 
Dipole moments, 518-520 
falplewat) ly 
Displacement reactions, 755-757 
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Disproportionation reaction, 266 

Dissociation constants of acids, 216 

Dissociation energy of diatomic molecules, 

table, 472 

Distillation, 161 

DNA, see Nucleic acids 

Double bond, carbon-carbon, 523, 760 
carbon-oxygen, 764 

Dulong and Petit law, 12-13, 122, 126 


Effusion, 57-59 
Einstein, A., theory of heat 
capacities, 123 
mass-energy relation, 835 
and photoelectric effect, 424 
Electrical nature of matter, 412-417 
Electrolysis, 287-289 
Electromagnetic waves, 96-100, 421 
Electron 
capture, 839-884 
charge, 416 
charge-to-mass ratio, 412-416 
configuration of atoms, 452-459 
mass, 417 
table of, 454 
Electron affinities, 466, 574-576 
table of, 466 
Electron-dot structures, 506 
Electronegativity(ies), 575 
taulenOle. 76 
Elementary process, 373-375 
Elements, allotropy, 573 
electnicalipropertics, 573 
structural properties, 572 
Elimination reaction, 753 
of alcohols, 758 
Embden-Meyerhof pathway, 808-810 
Enantiomorphs, 780 
Endothermic reactions, 309 
Energy, conservation of, 306 
conversion factors, 865 
and first law of thermodynamics, 306- 
308 
influence on equilibria, 142 
Energy levels, of a diatomic molecule, 
479-484 
of hydrogen atom, 427, 439, 449 
of lithium atom, 451 
of many-electron atoms, 451-454 


INDEX 


Engines, 349-352 
Carnot, 349 
Cheat, 349 
Enthalpy, change, 137, 309 
of formation, 313-315 
of fusion, 138 
standard state for, 311 
of sublimation, 137 
temperature dependence of, 316-318 
of vaporization, 137 
Entropy. 142 9377 = 3.35 
of elements and compounds, 331 
influence on equilibria, 142 
and molecular chaos, 142, 327-329 
temperature dependence, 326-328 
Enzymes, 402 
Equation of state, 34 
ideal gas, 41-44 
van der waals, 67 
virial, 71 
Equilibrium, chemical, 174-179 
liquid-vapor, 139, 175 
Equilibrium constant, 179-188, 194-200 
and cell potentials, 279-282 
and free energy, 338 
temperature dependence, 343-345 
Equilibrium state, 136, 140-142, 175-179 
Equivalent Proportions, Law of, 6 
Esters, 752 
Ethane, 746 
Ethanol, 751 
Ethers, 752 
Ethyl formate, 752 
Ethyl radical, 746, 749 
Ethylene, electronic structure, 524 
geometry of, 524, 760 
Electron affinities, 466, 574-576 
Ethylene diamine, tetra-acetic acid, 719 
Eutectic temperature. Vou 
Exothermic reactions, 309 


Face-centered cubic lattice, 109-112 
FAD, 795 
Faraday constant, 288 
Fats, 798-802 
Fatty acids, 798 
oxidation of, 800-802 
Ferrate ion, 705 
Ferric ion, 705 


Ferricyanide ion, 705 
Ferrocene, 740 
Ferrocyanide ion, 705 
Ferromagnetism, 726 
Ferrous ion, 704-705 
Fission, 845-846 
Fluorine, 669 
monoxide, 674 
Fluorite structure, 116 
Force constant, 482 
Formality, 150 
Formic acid, 751 
Formula, empirical, 23 
molecular, 27 
Formula weight, 19 
Free energy, see Gibbs free energy 
Freezing point, 145 
depression of, 156, 347 
Frenkel defect, 119 
Frequency of electromagnetic radiation, 
98 
Fuel cell, 291-294 
Functional groups, 750-75 | 
Functional isomers, 779 
Fusion, nuclear, 849 


Galliumec! |, 619 
Galvanic cell, 266-276 
Gamma emission, 842-843 
Gas constant, R, 43 
Gas electrode, 267 
Gas laws, 34-47 
Gases, kinetic theory of, 47-59 
Gay-Lussac, J., law of combining 
volumes, 8 
law of volume and temperature, 
38 
Genetic code, 829-830 
Geometrical isomers, 779 
Geometry of molecules, 508 
Germanium, 621, 630 
Gibbs free energy, 333-341 
and electncal work, 341 
and equilibrium constants, 335-341 
of formation, 335 
standard, 335 
Glucose, 803-810 
Glyceraldehyde, 781 
Glycerides, 799 


Glycogen, 804-8 10 
Glycosidic link, 804 
Gold, 709, 714 
Graphite, 622 

crystal lattice of, 94 
Grignard reagent, 767 
Group I elements, 594 
Group If elements, 602 
Group III elements, 61 1 
Group IV elements, 620 
Group V elements, 635 
Group VI elements, 656 
Group VII elements, 668 
Group VIII elements, 703-707 
Guanine, 821 


AH, see Enthalpy 
H3, molecular orbitals, 548 
Hafnium, 691-693 
Half-life, 855 
Half-reactions, 259-261 
Halides, of hydrogen, 671-673 

of metallic elements, 670 

of nonmetallic elements, 670 
Heat, 302-306 
Heat capacity, 315 

of gases, 64-66 

of solids, 123-127 
Hemoglobin, 816 
Hess’ law of heat summation, 312 
Heterogeneous reactions, 401 
Hexagonal closest packing, 109-111 
Hybrid atomic orbitals, 514 
Hydride ion, 587 
Hydrides, enthalpies of formation, 

586 

and the periodic table, 586-590 
Hydrocarbons, 744-750, 784-786 
Hydrogen atom, orbitals, 441-450 

quantum numbers, 439 

wave functions, 44]-450 
Hydrogen bond, 162, 588-590 
Hydrogen halides, 671-673 

crystal structures, 110 
Hydrogen molecule, 502-503 
Hydrogen molecule-ion, 497-502 
Hydrogen peroxide, 658-659 
Hydrogen sulfide, 661 
Hydrolysis, 226-228 
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Hydrolysis constant, 226 
Hydronium ion, 213 
Hypobromous acid, 675 
Hypochlorous acid, 675 
Hypoiodous acid, 675 
Hypophosphorous acid, 652 


Ideal gas, 41 

Ideal solutions, 147-161 

Imperfect gases, 67-72 

Indicators, acid-base, 233 
table of, 234 

Indium, 611, 619 

Insulin structure, 816 

Integrals, table of, 876 

Interhalogen compounds, 678- 

680 

Intermolecular forces, 68-72 

Iodate ion, 678 

Iodic acid, 676 

Iodine, 668-680 

Iodine pentoxide, 673-675 

Ionic bonding, 484-496 

Ionic radius, 117, 492-496 
of lanthanides, table, 581 
as a periodic property, 580 
table, 493 

Ionization energy, 459-466 
and periodic table, 462-466 
table, 460 

Iridium, 707-709 

Iron, 686, 703-706 

Iron oxides, 703-704 

Iron triad, 703-707 

Irreversible process, 319-326 

Isobutane, 749 

Isomer, functional, 779 
geometrical, 721, 760, 779 
optical, 721, 780 
positional, 747, 779 
structural, 719 

Isopropanol, 751, 759 

Isotherms, pressure-volume, 36 

Isotope, masses of, 17, 833 


joules. 302 
joule, energy unit, 868 


INDEX 


K-capture, see Electron capture 

Ketone, 751, 764-769 

Kinetic theory, of gases, 47-68 
of liquids, 131-136 

Krebs cycle, 802, 808-810 


Lanthanide elements, 689-690 
Lanthanum, 689 
Lattice energies, 485-496 
table of, 494 
Laws of electrolysis, 288, 412 
LCAO-MO, 536-542 
LéeadG2 lost 
Le Chatelier’s principle, and chemical 
equilibria, 188-193 
and liquid-vapor equilibria, 166 
and solubility, 207 
statement of, 166 
Lennard-Jones, J., intermolecular 
potential-energy function, 72 
Lewis, G. N., theory of acids and bases, 
2G 
Ligand, 717 
Ligand-field theory, 732-735 
Lipids, 798-802 
Liquids, atomic distribution in, 134 
kinetic theory of, 131-136 
superheating of, 143 
vapor pressures of, 143 
Lithium, 594-602 
Lithium borohydride, 617 
Lowry-Br@nsted acid-base theory, 214 
Lysosomes, 792 


Madelung constant, 489 
Magnesium, 602-611 
Magnetite, 704 
Manganate ion, 701 
Manganese, 686, 699-702 
dioxide, 701 
subgroup, 699-703 
Manganic ion, 700-701 
Manganous ion, 700 
Markovnikov’s rule, 762 
Mass spectrograph, 16 
Maxwell-Boltzmann speed distribution, 
59-64, 388-390 
Mean free path, 74-79 


Mechanism of reaction, 373 
and rate law, 375-383 
Mendeleev, 13 
Mercuric ion, 716 
Mercurous ion, 716 
Mercury, 714-717 
Metallic bond, 528-532 
Metallic elements, 528, 572-574 
crystal structures, 11] 
and periodic table, 572-574 
Metal-organic compounds, 738-741 
Methane, 745 
Methanol, 751 
Methyl acetate, 752 
radical, 746 
Methylamine, 753 
Methylene, molecular orbitals, 549-553 
Michaelis-Menten equation, 404 
Microscopic reversibility, 387 
Mitochondria, 792 
Molality, 149 
Molar volume of gases, 42 
Molarity, 149 
Mole, 18-29 
Mole fraction, 44, 149 
Molecular chaos, 141, 177 
Molecular formulas, 7-19 
Molecular orbitals, antibonding, 501 
bonding, 501 
in complex ions, 722-741 
description, 501 
in diatomic molecules, 535-546 
in H4, 497 
and ionic bond, 546 
in triatomic molecules, 546-554 
Molecular speed, average, 56, 60 
distribution of, 59-64 
most probable, 60 
root-mean-square, 56, 60 
Molecular weights, 9-12, 15 
Molecularity, of a reaction, 373-375 
and order, 375 
Molybdenum, 696, 699 
Moment of inertia, 480 
Moseley, H.G.S., 429 
Multiple bonds, 522-525 
Multiple Proportions, Law of, 5 
Myoglobin, 816, 819 


NAD’, 795 
Naphthalene, 773 
Nernst equation, and cell voltages, 276- 
279 
derived, 342 
Nickel, 686, 703, 706-707 
Niobium, 693, 695-696 
Nitrate ion, electronic structure, 560- 
563 
geometry, 644 
Nitric acid, 644 
oxide, 641 
Nitrides, 639 
Nitrobenzene, 776 
Nitrogen, 636-649 
electronic structure, 542 
fixation, 638 
oxides of, 640-644 
Nitrogen dioxide, 642 
Nitronium ion, 644 
electronic structure of, 557 
Nitrosonium ion, 641 
Nitrosyl halides, 648 
Nitrous acid, 645 
Nitrous oxide, 640 
Nitry]l halides, 648 
Noble-gas compounds, 680-68 2 
Nomenclature, of complex ions, 721-722 
of organic compounds, 749 
Nonstoichiometric compounds, 4 
Normality, 150 
Nuclear reactions, 845-854 
Nucleic acids, 792, 820-830 
Nucleon, 832 
Nucleoside, 822 
Nucleotide, 822 
Nucleus, forces therein, 836-838 
mass, 835 
radius, 833-834 
shape, 834-835 


O,2, molecular orbitals of, 543 

Octet rule, 506 

Oil, 782-786 

Olefins, see Alkenes 

Orbitals, atomic, 441-450 
in many-electron atoms, 450-459 
molecular, 497-506, 535-569 
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Order of a reaction, 367 
determination of, 371 
of elementary processes, 374 
Osmium, 707-709 
Osmotic pressure, 158-160, 348 
Overlap integral, $36 
Oxalic acid, 751 
Oxidation, 256 
of alcohols, 758 
of aldehydes, 768 
of alkenes, 763-764 
in biochemical systems, 794-798 
of ketones, 768 
Oxidation state, assignment of, 257-259 
definition of, 257 
and periodic table, 576-578 
Oxides, 582 
acid-base properties, 583-585 
bonding in, 585-586 
free energy of formation, 362 
and periodic table, 582-586 
Oxidizing agent, 257 
Oxygen, 656-660 
O7ONne, osc 
clectronmie stmctine soo 


Palladium, 707-709 
Paraffin hydrocarbons, 744 
Paramagnetism, 726 
Partial Pressures, Law of, 44 
Particle in a box, 433-438 
Pauli Exclusion Principle, 450 
role in chemical bonding, 502 
role in molecular geometry, 509 
Peptide bond, 811 
Percnlorcacid 076 
Periodic table, 13, 569-572 
and atomic structure, 454-466 
Permanganate ion, 702 
Peroxydisulfuric acid, 664 
Perxenate ion, 681 
Phase changes, 136 
Phase diagrams, 144-147 
two component, 167-171 
Phase rule, 170 
Phosphoric acid, 651 
Phosphorous acid, 652 
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Phosphorous oxide, 650 
Phosphorus, 636, 649-655 
halides, 653 
pentoxide, 650 
Phosphory] chloride, 654 
Photoelectric effect, 423-425 
Photons, 424 
DH scale, 218 
Physical constants, 865 
pK, definition of, 218 
Planck’s constant, h, 422 
Planck’s quantum hypothesis, 423 
Platinum, 707-709 
Platinum metals, 707-709 
pOH, definition, 218 
Polypeptide, 811 
Positron, 840 
Positron-decay, 840-841 
Potassium, 594-602 
Precipitation of salts, 210-212 
Pressure, measurement, 34 
Units Of, 35 
Proteins, 8] 0-820 
synthesis, 828-829 
Pitrine bases, 621 
Pyrimidine bases, 821 


Quantum mechanics, 430-438 

Quantum numbers for hydrogen atom, 439 
Quantum theory, 421-438 

OuartzZ 626 

Quasistatic process, 319 


Radial distribution function, 134, 141 
Radiation, wave theory of, 421 
Radioactivation analysis, 858 
Radioactive decay constant, 855 
Radioactivity, 838-843 
Radium, 602-604 
Raoult’s law, 151 

deviations from, 163 
Rate constant, 368 

bimolecular, 393 
Rate-determining step, 375 
Rate law, differential, 366 

integral, 368-371 

and reaction mechanisms, 372-383 


Rate of reaction, 366-368 
in condensed phases, 397-400 
dependence on temperature, 394-397 
and equilibrium, 385-394 
Reduced mass, 480 
Reducing agent, 257 
Reduction-potential diagram, 646 
Representative elements, 57] 
Resonance, 526-528 
Reversibility, 319 
Rhenium, 700, 702-703 
Rhodium, 707-709 
Ribonuclease, 816 
Ribose, 821, 823 
Ribosomes, 792 
RNA, see Nucleic acids 
Rock-salt lattice, 115 
Rubidium, 594-602 
Ruthenium, 707-709 
Rutherford’s scattering experiment, 418- 
421 


Saccharides, 803-810 
Salt bridge, 259 
Scandium, 686, 689 
Schottky defect, 119 
Schrodinger equation, 433 
Second law of thermodynamics, 323 
Selenium, 656, 667 
Silanes, 626 
Silicates, 627-633 
Silicon, 621, 625-630 
Silicon dioxide, 626 
Silicones, 627-630 
Silver, 709, 712-714 
Sodium, 594-602 
Sodium-chloride crystal structure, 93, 
i 
Solids, amorphous, 86, 88 
crystalline, 86, 88 
Solubility, of ideal solutes, 164-167 
product, 205 
of slightly soluble salts, 204-212 
Solute, definition of, 148 
Solutions, 147-167 
ideal, 151-162 
boiling points of, 152 


freezing points of, 152 
vapor pressures of, 152 
nonideal, 162-164 
solid, 148 
Solvay process, 610 
Solvent, 148 
SHE Neat alle 
Spectra, atomic, 425-430 
molecular, 479-484 
x-ray, 428 
Spectrochemical series, 726 
Spectrograph, 425 
Speed distribution, Maxwell-Boltzmann, 
59-64 
Spontaneous processes, 3] 8-322 
Standard atmosphere, 34 
Standard cell potential, 271 
and equilibrium constant, 279 
sign convention for, 272 
Standard half-cell potentials, 269-276 
conventions for use of, 274 
definition and measurement, 269- 
216 
and standard free-energy change, 
table of, 275 
Standard temperature and pressure (STP), 
23, 42 
Starch, 804-810 
State function, 301 
State of a system, macroscopic, 327 
microscopic, 328 
Statistical mechanics, 332, 352-358 
Steady-state approximation, 379-383 
Stereochemistry, of complex ions, 717 
of organic molecules, 779 
Steric tactor. soz 
Strontium, 602-61 1 
Sublimation temperature, 147 
Sulfanes, 662 
Sulfite ion, 664 
Sulfur, 656, 660-667 
dioxide, 662 
electronic structure, 527 
hexafluoride, 666 
trioxide, 663 
electrome structures 527, 560 
Sulfuric acid, 663 
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Sulfurous acid, 664 
Superoxide ion, 657 
Surroundings, 136 
System, 136, 300-302 


Tantalum, 693, 695-696 
Technetium, 700, 702-703 
Tellurium, 656, 667 
Temperature, absolute, 40 
and kinetic theory, 54 
scales, 38-40 
Termolecular process, 374 
Thallium, 611, 619 
Thermal conductivity of gases, 73, 79 
Thermite process, 618, 697 
Thermometers, comparison of, 39 
Thiosulfate ion, 664 
Thomson, J.J., 412 
Thymine, 821 
Tin, 621, 631 
Titanium, 686, 690-692 
dioxide, 690 
subgroup, 690 
tetrachloride, 692 
Titanous ion, 691 
Titrations, acid-base, 239-243 
oxidation-reduction, 282~—287 
Loree 35 
Transition elements, 571, 685-744 
atomic radii, 686 
electrode potentials, 686 
electron configurations, 686 
Transport phenomena in gases, 73-79 
Triple-point temperature, 145 
Tungsten, 699 


Uncertainty Principle of Heisenberg, 432 
Unimolecular process, 373 

Unit cell, 105 

Units and conversion factors, 866-869 
Uracil) 
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Valence, 471 
Valence-bond theory of complex ions, 
730-732 

Vanadium, 686, 693-695 

Vanadium subgroup, 693-696 

Van der Waals equation, 67 

Vapor pressure, 139-147 
dependence on temperature, 142-144 
of a solid, 144 

Virial, coefficient, 71 
equation of state, 71, 79-8] 
theorem, 52-54, 498 

Viscosity of gases, 74-79 


Water, self-ionization of, 218 
Wave function, 433 
for one-electron atoms, 441-449 
for particles in a box, 434 
Wavelength, 97 
Wavelength-momentum relation, 431 
Wave-particle duality, 430 
Waves, electromagnetic, 96 
interference of, 98-100 
Work, 302-306 
Work-heat equivalence, 305 


Xenon, fluorides, 680-68 2 
oxides, 680-682 
X-rays, and chemical analysis, 104 
and crystal structure, 96-104 
diffraction by crystals, 100-103 
and electron density, 103 
and liquid structure, 132-134 
X-ray spectra, 428-430 


Yttrium, 689 


Zinc, 686, 714-717 

Zinc blende structure, 116 
Zinc subgroup, 714-717 
Zirconium, 692-693 
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